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PREFACE 

• ^ 

The aim of this ))ook is to aid.oTigincH^riiifT students and (‘iigiiieers 
silldying lieat ('ngiries and the scicMitihc })rincipl('S which condition 
their ])cr{ormancc and thermal (^flicieucy. The sco])e of the- work 
is that indicaliHl liy the syllahus of A|)])li(^d Th(‘rmodyiiamics for 
tlu* B.Sc. degree (Engint'cring) Examination of th(‘ Xhiiversity of 
London, and inelu(l(\s a jxh’iiijn of the work snilahh^ for imginei'ra 
taking th(‘ Associat(‘. Memhership (‘xantinalions of the Institutions 
of (kiril and Mi'cliaiiical EugiiuaTs, as A>e]l as for the advanced 
National Diploma and liigher <‘ertificate awanh'd jointly hy the 
iMechanical Institution and tlu^ Board of Education. As a further 
guide, by the kind juu'mission of the Senati' of tlu'. ITnivitrsity of 
■London, and the I'nivcu'sity of London Pn‘ss, Ltd , and of tlu' 
I'Ouncils of tlu‘ Institutions of (-ivil and M(‘chani(%al Engim'crs, 
(|U(‘,st ions have h(‘(‘n selected from jiajierssi't at tluur recent examina- 
tions. Ho\^’ever, experiim'ntal work and accurato measurements 
in th(‘ lalioratory ari' all-important, and th(‘ (uigiiu'ering studmit 
must^ still k(‘e}) in touch witli modern jiractiee and the ra])id 
advanei'S of research on th(‘ difTercuit branches of this subject. 

Ex]K*ri(‘n(u* in teaching has (mcouragi'd me* to (uideavoiir by 
simple treatment from first ])nncij)les to mak(‘ the work useful as 
a t(‘xtbook. A sketch, curve or diagram ri‘j)resents relations mon^ 
el(*arly and is more easily understood by the average student than 
f-a description or ;^mi’ral symbols. Acctordingly, at thi' outset, tho 
la.wH of curves, indicators for tracing th(‘ diagrams of the pressure 
t. in the engint‘ cylinder, and a few measuring instruments, are briefly 
dealt with. 

Mr. ,r. M. Dicl^son, ILSe., kindly eollahorated with me by writing 
the four chapters on the steam engine and steam turbines ; and by 
drawdng the temperatiire-entrojiy chart for w^ater and steam. 

4 *liave much pk^asure in thankmg Mr. William Reavell, 
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of Ipswich, who very kindly supplied mo with data on air 
compressors ; and Mr. John L. Hodgson, B.Sc , with his assistant, 
Mr. R. M. Maling, B.Sc., for data on th(‘ measurement of com- 
])ressed air; and Mr. J. Bedfor(\ B.vSe., for lh(^ preparation ni 
some of tlie drawings. 

J am also ind(J)t(‘d to Pr()f(^ssor AV. E. Dalhy, Professor H. 
Gibson, Mr. Harry R. Ricardo, and oilier friends and firms who' 
helped me Avilli data, for whi(‘h aeknowl(‘dgment is made in 
the foot-not(‘s. 

Although care has been taken in (‘orrec^ling proofs and checking 
numerical examjilos, (UTors may nnnain, and I shall be grateful 
to the reader for any eorreedions 

WILLTAM ROBINSON. 
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APPLIED 

THERMODYNAMICS 

cHArrEii 1 

I N T H O 1) \J V T I O N 

A Heat Engine is a macihino wliicdi (‘(nivca-ts lii'a! into nioclianical 
work. Hoali is usually gc^nofatcd by 1h<^ (combustion of a fuel: 
(‘itluT coal, oil, or ^as, Tli(‘ luail, su])|)liic(i to tluc working sub- 
stairj* at ahigli t(‘iiip(‘rature, is n‘(lu(‘(ccl in t(‘]n])(cratmT by expansion 
vvitliin th(‘ (Miginf‘, aiid, in Hue process, ])art of tlue heat is coimTtcd 
into ^^ork and ])ai’t n^jeeted at a low(‘r temjueratui'iY As tlu^ heat 
(uiergy in tlue working snbs1an(c(^ is gradually eluiiiged into mechan- 
ical (Miergy, llu‘ h'jnperal nre falls, and the. gnsitiT the temperature 
drop of the working substance uiUdn th(‘ (‘iigine, the larger will be 
lh(‘ ])roj)ortion of heal utiliz(‘d or tunu‘d into work. 

In the r('^'ers(' pi‘oe(‘ss, work is spiiit in driving a Refrigerating 
Machine or lu'at pump, vbicli lakes in heat from bodiiNS at a low 
1emp(‘rature and discliarg(‘s Iu‘a1 at a higlu^r temjx'raturo, generally 
by (‘hang(‘s of slab‘ of tluc working subslanc(*. In this revtTsed 
heat engiiu*, 1h(‘ smaller Hu* ditferiMice bet\Mvn the high and Ioav 
lem])eralur(‘.s, the k'ss work will be re(iuir(‘d to ('xtraet a givtui 
9 fpiantity of h(‘al irom Hue cold body. Tlu* woi-king substaiuco may 
be air, or a mixtun* of liipiid and vapour, and may change its stab^ 
in various ways. 

Applied Thermodynamics d(\*ds witli tlie ndation of heat to 
mechanical woik, and tluc various physical jiiojicrlies of the wurldng 
substance. Tlu' working substaiuH's chielly us(‘d in lu‘at engines are 
fluids in the gas(‘()us and liquid sta((‘s : air and other gases or vapours 
in Ike inirrval combustion rnginc ; A^at(‘r vapour in tlu‘ steam engine 
or turbine] also ammonia and carbon dioxide, commonly called 
carbonic acid, mostly in nfrigerating machines. 

Ideal Cycle of Operations. In tlu^ action of a lu^at (mgine, wEen 
a gven mass of the working substauco reeeiv(*s heat at a high 
tem])(Tatnr(% it undergoes a seri(‘.s of changes of pressure, volume, 
ternpcTatiire and physical state, rejects some heat at a low^er 
temperature, afld is bionght hack to its initial state or condition in 
every respect. It has thus jiasscnl through a complete cycle of 
o][Jeratioiis. 

Systems of Units. In order to reduce and compare the experi- , 
ifiental results from various investigations and the results of modern 

1 
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practice, it is necessary to coiLsidcr the different systems of units 
commonly adoptee" by (uigineers; (1) British — Foot-pound and 
Centigrade or Fahrenheit; (2) Metric— Metre, kilogramme amf 
f CvVntigrade ; and (,‘l) th(‘ C.G.S. — Centimetre-gramme-second system, 
universally adopted for scientific; purposes, especially in Ohemistryj* 
and Fxp(‘rimentaJ Physics. 

It is desirable; for th(‘ enginecTing studemt to be familiar, at least, 
with the first two systems in order to compare the performance of 
(‘iigines givem 'm either of them. Most British enginciers still usc^ ' 
the Foot-])ound-Falmuih(Mt system, although moclorn rcvsearch is 
(‘xpressed in values on th(' (\‘ntigrade scale', uliich is convenicuit for 
comparison with the; metric systcmi. Thus (quantities of heat are 
r('])r(‘S(‘nled ])y th(‘ same figures wlum giv(;n (‘ither as lb.-d('gr(‘(* 
Centigrade' pcT lb., or lvilo-(;alori(; ptT Idlogramme. 

Th(' ('ugineering Institutions of this country are making laudabh' 
efforts to promedc' international agrcM'nic'nt on the rating and 
])('rforman(*e of the v^arious (y])es of heati c'ngiiu's. 

UNITS OF MEASUREMENT 

/bo7-s of Loigth, Ojk' metre — ]f)0 (*('ntimetr(‘s - 1,000 milli- 
nu'tres — 30 3702 iueh(‘s ; and oiK'-third of lh(‘ standard yard 
- 1 foot — 0 304-S metre, or 1 inch — 2 r)4 (‘nntinietn's. 

I'vih of Force. British engiiu'crs tak(‘ the gravitational uinr oi 
force as the weight of the standard pound (1 lb) avoirdup(jis of 
K) ouncjcs ; and ('ontim'ntal engijiecTs tin; wc'ight of tlu' int(T- 
national standard kilogram me, which is (‘(qnal to 2 20402 lb. ; or 
1 11). 0-4535024 kg. - 453-5024 gramme's. 

A body of ANC'ight Ik lb. has a mass ‘m ^ , since force -- mass 

. X 

- acce'leration. The' un Ight of a body me'ans the force' of attraction 
of the earth on the mass of the* body. The ac'ex'le'ration of gravity, 
g, is slightly less at the (‘equator than towards the; pole^s, and the 
weight of 1 11). is gre'atcr in J^ondon than in Nenv York by 1 part 
in 1,000. The' inte'iisity of gravity also varie's along a givem paralle'l 
of latitude, so that, for seie'rititic |)i(‘cision, the' locality should be 
given. American and Contine*ntal e'nginec'rs generally take;^ the; 
a(*(;e'le'ration of gravity at the se'a-leve'l in Lat. 45'^, r/ ^ 980 ()G5 
C.C S. units. In London it is OSMO (‘.C S. or 32-19 ft. ju'r se'c. 
yier S(*c. PYr nearly all cngiiu'cring qmrjioses, g — 32-2, and the 
difference is ne'gligible. ^ 

The CUhS. unit of foreie; is 1 dfgne, or that force Avhich, acting on 
a gramme mass for a second, giv^cs it a velocity, of a centimetre per 
second, i e. unit- accedewation. This absolute unit «f force is inde- 
pendent of gravity, and is the same c'vcryvvhe'je'. 

The unit or me*asure of volum.c is the British legal* ^Imperial 

I * vSoe WeigfitH and Measures Avtti of 1K7H, |S8<), 1802 and 1803; jmd 
Our Weif/htR and pusures, hy tl.4-1. (Oianev. ■ 
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standard gallon, containing 101b. weight of distillcKl water at the 
tcniporaturo‘^of 62 'T. and barometer 30 inches. The Iriperial 
gallon contains 8 plnls, so that, in Ciln^at Britain, 1 pint of pure 
water weighs 1 ] lb. An American gallon of pure water weighs 
^nily 8-331 lb., thus 0 American galloms arci nearly equal to 5 Imperial 
gallons. A standard oil barrel cf 42 American gallons contains only 
35 British gallons. 

Specific volume, 1 cub. medre per kg. ^ 16 0 1 SO cub. ft. per lb. 

l^essure is the weight or forces ])cr unit of area, and is (‘x|1ressed 
in pounds weight j)er s(|uar(‘ inch and kilogrammes p(^r square^nti- 
metre : 1 11). per sq. in - 0-070307 kg. pei' sq. cm. (in London) ; or 
1 kg. p(‘r sq. cm. ^ 14-223 lb. j)er sq. in. 

The standard atmospheric prcfssure is that of a column of mercury 
760 mm. high at 0 ( 1 . in Lat. 45' , nearly 14-681) lb. per sq. in., or 
1-0327 kg. ])er s(|. (an. (London), and is ])ractically 30 in. of mercury 
eoluqjn at 62° F in London; and 30 in. of nK'rciiry at 62° 
14-7 11). per sq. in., so that 1 in. mercury column is equal to 
0-41) lb ])er s(| in. 4'hus llu* baronadm* n‘ading in inelu's niulti])lied 
b\ 0-41) giv(‘s the atmospluM'ie ])r(‘ssure in lb. ])er sq. in. 1 cm. of 
mercury column -- 0-11)33 lb. ])er wsci in. — 0-01359 kg. per sq. cm. 
The absolutes ((/.CJ.N.) unit of ])ressure is 1 dyne ]H‘r sq. cm., and 
I atmospher(‘ is 1 -0133 \ 10^ dyn(‘s per sq. cm , which is ind(‘pendent 
•of gravity 

Absolute pressure, r(‘(Loned from zero, is obtained by adding 
tli(‘. atmospheric; ])ressur(‘ to th(‘ gauge or indicator pressure. 

Th(‘ actual or absolute jiressure in a eondenst'r is found by sub- 
tracting the Heading of th(‘ vacuum gauge from that of th(‘ barometer, 
both readings lumig usually expresscnl (‘ilher in inches of mercury 
^)r pounds p(T square incli. 

TIk; Bourdon pressure gaug(^ is uschI to mi'asure. the pressure of 
steain in a boiler, also the pressure of air and steam in a condenser. 

Bn'ssurc* gaug(‘s and indicator springs are tested or calibrated by 
comparison with a mer(;iiry column subjected to steam pressure at 
the same tmnptTature as when in use ; or by balancing the: pres.surc 
against a column of fluid of known vertical height and speciiic 
gravity. Also, in the daatl weight tester, a standard weight acts on 
a piston of hardemal shad, aecuratidy fitting into a stetd cylinder, 
and pressing on oil, the fri'c surface of wdiich is acted on by the 
pressure to be nu‘asured. This tester has been dc;veloped by the 
National Physical Laboratory. The j)iston and cylinder (‘an be 
changed, so that a comparatively small Awight is used, even at 
the highest i)ressures. This instrumcuit will show^ 1 lb incrcsise in 
a pressure of 20,^100 lb. ])('r sq. in. 

A water gauge manometer is eiiijAloyed to measure the slight 
variation in the })ressure of air and gas above or below atmospheric 
pressure. The difference in the heights of Avater, oil, or mercury in 
a piJass U-shaped tube is slioAvn in inches, one limb of the tube being 



’APFL1KI) THERMODYNAMlCti 


o|Hai to lluj atmospheres and the other conn cm; ted to the gas supply, 
or to Jhe furnace ^a,s in tins ])as(‘ of ehirnm^y to*m(*asure tins 
draught, TIu' single tubes and eiirvt‘d tube manometer (p. 151) ai(» 
► eonvenient to use ; other spe'csial instruments of great precision 
in measuring air or gas ])iessur(‘s hav^(‘ Ixm'ii spt‘eially designed in 
various investiga^ons.* ^ 

Pure water at 10'" C. (50° F.) weighs ()2-41 lb. peT cub. ft., so that 
each foot of head of water is (Tjual to a pressure of 02-4 lb. per 
sq. ft., or 0*4d341b. per sq. in. ; and 1 in. of water column = 0 036 
lb. per sq. in. Mercury is 13-59() time's h(‘avi(‘r than water at 
standard temperature' and jire'ssure'. 

The engineer's units of work are^ the foot-j)oiind (ft. -lb.), and 
kilogramme-metre. 1 ft. -lb. is the we)rk done by a force of 1 lb. 
weight acting through a distance' of ] ft. in its own direction. 
1 ft. -lb. = 0 1 38255 kg. -metre (L(>nde)u), or I kg.-me'tre^ =- 7-233 ft.- 
Ib. The (\G.S. unit of work is an erg, b(‘ing llu' vork done by a 
dyne acting through a distance- of a (-(‘iiiime'lre. The mor(^ eon- 
venient practical unit of work e-mpleiyed by e le'ctriejal engineers is 
1 joule -- 10'^ ergs — 0 7372 ft. -lb. ; and 1 fl.-lb. — 12 X 2-54 cm. 
X 453-G grammes X 981 e'rgs — 1-356 x 10^ ergs — 1-35G joules. 

Power is theji rate of doing loork ~ ^ work done 

= power X time. time taken » 

In order to de'te'rmiiie tlu' power of an engine, we have to make 
two measurements, viz. a me'asure'ment of tlie work and of the time 
during which the work is done, th(‘-n tlu* power is th(‘, (juotient of 
work divided by time. The unit of power, iniroduced by James 
Watt and commonly adojited by llritish (‘tiginecus, is 1 horse-powder 
= 33,000 ft. -lb. of work dojie pc'i- minute' - 550 ft. -lb. per see., or 
1,980,000 ft. -lb. per hour. ^ 

The metric horse-jKnvcr, or Yrciwh force-de-ch( ual, is 75 kg, -metres 
per sec. = 542-475 fl.-lb. per see. — 0-98()3 British II.P. ; or 1 
British H.P. = 1-014 moXric feme e-de-cfwved (approx.). 

The (y.G.S. unit ra1(^ of working is 1 r-rg iier s(^c., but this is an 
extremely small unit, and tlu* practical unit of electrical power is 
i joule per second, and called 1 n att, w hich is equal to the w ork dom'. 
per st'cond by a eurrent of 1 anqM-n' in a circuit liaving 1 v/.)lt of 
(dcctric pressure maintained bedween its terminals, and is equal 
to 1 ampere X 1 volt ; 1 watt -- 0-7372 ft -lb. ])(‘T see, or 44-23 ft. -lb. 

550 

per min. 1 British H.P. = ^ 73-0 ~ 746 watts, and*l metric forcede- 

cheval is 736 watts ; 1 kilowatt - 1 -3405 H.P. 

The electrical horse-power cx])(nd(*d in a elrbuit and transformed 
into heat or mechanical enei-gy is equal to the prTjcluct of amperes 
of current and volts of electric pressun^ divddcd by 746. TJic Board of 
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and volume follow a law of the form p . v” = a constant, 0, where 
p is the absolfite pressure, and v tiie total volumi;, including •clear- 
ance. To find a suitable value of w from the curve, take logarithms, 
^nd we have log p + H log v = log"0, which is the equation of a 
lAraight lino. 

Example 1, During the expansion of a given ina.ss of air, the initial pressure 
was^i - 80 lb. per sq. in. when the volume, including clearance, = 1 c*ib. ft. 
At two other jiointa measured on the curves, when the volume was 2 and 2 
cub ft , the indicated pressures wore 33-36 and 20 lb. per sq. in. respectively. 



Fig. 2. PV Diagram 


If the air followed the law p . o” — constant, 

Ih ■ 'V' = X 1” = 20 X ‘1^' = c ; hence = 4, 

and, taking logarithms of each sid(‘, w(‘ havi‘ n log 3 = log 4, and 

n = Obviou.sly, r -= 80 when — 1 , so that the 

law of expansion is p . 7’' = ^0 
This rough calculation, only from two points on the curve, may 
be checked by substituting values of p and v, measured at the 
other point. Hen*, p . - 33 X 2‘ — C, and 

log C - log 33-3(i d 1'2G2 log2 = 1*52322 + 1*262 x -30103 
, - 1-9031, 

henc» C = 80, as Ix'fori',. 

It is necessary to dake sc^vi^ral ])oint8 on a curve in order to 
correct errors of observation. 

Emiiple 2. The pv diagram, Fig. 2, shows the compression of 6 cub. ft. 
of gas at 14-7 Jb. per sq. in. to 1 cub. ft., and after receiving heat at constant 
vol^m^ which raises the pressure to 400 lb. yer sq. m., the gas expands to 
the original volume. 

2— (.vlH4) 
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To find tho law of exjjanftioii, rt^ad off and iabulatp the pressures 
and 6orrespondii% volumes from the expanaio’n eurvejFig. li, plotted 
to an enlarged scahv We have — 


V cub. ft. 

. 1 

1 

! *■“ 

1-5 


1 

2 -r» 

^ 1 

4 ■ 

5 

0 

p lb. per sq. in. 

400 

318-4 

1 

241 

108-2 

127-3 

101-3 ! 

i 

70-7 : 

53-5 

■12-G 

• f 

< log V 

1 0 

■08 

! 

■30 

' -308 

■477 i 

■«() ' 

■’()<)9 ; 

■778 

1-G3 

< log 

2-6 

2-5 

2-38 

2-23 

2-105 

2-01)5 I 

1-85 i 

1-73 j 



Fia. 3 

Plotting the valiuis of log p and log i), on ,s(|uared [)aper, Fig. 4, 
the points lie v^ery nearly in a straight lin(‘. lound by means of a 
fine thread stretf h(‘d along th(‘in- Tak(‘ any two points on the line, 
one near each end, for th(^ corn'cted values of eacli pair of logarithms ■ 


log p 


log V 


2-35 


0-2 


1-6 

0*8 


li -75 
■6 


Now . Vj’' — 2>2 ■ taking logarithms, 

log t- n log V, ^ log 1 n log 

■ Vi ^ . 

log i>i - log O-fi 


1 - 20 . 
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Or, siibstitiU^^ing these values in thtj equation, 

• V f • 

^ives 10 -|- 0-8n - log C. 

{fnd 2-35 I {)2n - logW^ 

Subtracting, we have O iiu ~,t)'7o, and n -- 1 -2.^ ; also, when 
r 1,0 — 400. On this graph th(‘. iiuh^x 7i givi‘.s the slope of the 
lints -that is, the ratio of the dtcrt'ase of log ]) to th(‘ cliangt* of*log v 
betwt‘eu aii}’ two ])oints on the lin(‘. 

Hence th(‘ law of expansion is ]t . - 400. 

In the same way th(‘ relation btdwt^en ]> and v, on the compression 
curve, is dettM’niined anti exprt'sstal by tlu' ts] nation p . — 1G5. 



Lo^.v 
Kk; 4 


Tht^se tapiations givti inforinatiun as to tlu‘- bt^haviour of the 
charge in a gas engint' cylindtT during coin])ri\s,sion, explosion, and 
t^xpansion. 

Work done by a fluid during expansion according to the law 
p . — a constant — C. 

The work done is jneasunal by the area undtT the expansion 
curve, Fig. 1, betwt^entlie given limits to v,,, and demoted by 



We®aif! given p = - - ™ (7 . v 
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In this oasc, by iiit<*griition. 


, r , c r Y. a 

'X !-«[' J,, 


W = C I V . dr . ^ 
and sincr . r.^\ 


i' 0v’2-;^i»’i) =- 


Pi>'\ - 


or 

w 

n - i 

also 

/V 




1 Ih' 


w 

II 


SO that the ('X])r(‘ssi(>n brcomos 

" /-n \w i \ 


During compression iho work doiu* by llio fluid is negative, since 
work is done upon it by the ]>ist(m, then eijiuition (1) becomes 

W 

and equation (3) is eliaiigisl to 

\ 

When the jjrt'ssun' is t‘X])resse(l in ])oun(l^ jK^r sfiiuire foot, and the 
volume in cubic feet, the work done will bi* ol>tain(‘d in foot-pounds. 

In the (jaso wh(‘n 7i -- 1. the (‘Xjiansion or (‘onipn^ssion curve is 
expresst*d by the eipiation, pr — (onstant. and pp\ ~ 

Then W - j ' p . ilr --- f'^- k ff'' - A- j^log, rj'' 

and \V — Ic . log^ 


Pif’i ■ k)g, r . 


r is called the ratio of exp'uision or eonipressioii. 

Multiply common logantlims of numbers (to the base 10) by 
2-3026 to convert thean into “ Na]U'‘rian ’ or “ natural ’ logarithms, 
log^^ (to the ba.se e -- 2-71H28) used in eijuation (6). 

Example 3. CtIVCu tlie rcHultK III Kxiitiiph' 2, troni tlic duigniin, Fig. 2, 
calculatei the work (lone during expaii.sion and ('()in[>r(\ssion of tliti gaif ; also 
the net effective work done by the ga.s, and the na^aij effective jiressure during 
the cycle. 

During expansion of the gas, p . constant , and when the 

volume is 1 i*ub. ft. the pressure is 400 lb. jXT sq. in., and % 


p 2 . “ Pi . 


■. P 2 -- Ih 
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Take logariUims, lo^ j log 6 

5 

. - 2 (;0206- j X 0-77S15 l-(>294 

42-() lb. prr aq. in., or |2-6 X 144 Ib. p. 3 r aq. ft. 

Work done during expansion‘6?/ the gas, take e*p]ation (1) : 

71 1 

and work done 


144(400 X 1 - 42 b X b) 
j ‘25^ 1 


144 

•2r) 


— b7b > 144-4 83,175 ft -ib. Auiswer. 


Equations (2) or (3) may Ix' uscxl to eluM.k this answer. 

Th(‘ Vork done may also be mi^asiircxl din^ctly from the (expansion 
curve, Fig. 3. Divide th(‘ area under the curve into ten strips by 
(‘quidistant ordinat(\s. lv,(‘ad off tlie mid-heights, and the aviTage 
value of these giv(‘S the mean pressure during (\x])ansion 115*52 lb. 
per sq. in Work doiu* hy tlie gas i.- ]ire.ssiiif‘ change in volume 
-- 144 X 115-52 (b -1) 83,175 ft.-lb. 

For work don(‘ fm tin* gas during eomprc'ssion, we have the initial 
pressure 7^..^ 14*7 lb. })(‘r s(j. in., and tlu^ raiio of amj^re.s^sinn — 6. 

The law is - D - p.^ . (>* or j)^ =^- 14-7 x t3' 

Taking logarithms, log - log 14-7 f 1-35 log 0 

- Mb732 H 1-35 \ 0-77815 - 2-21782 


and 714 Ib5125 lb. ])(‘r s(j. in 

Sulistitiiting these \ allies in lajuation (4), 

Work done = 1 - 14-7 x 6) „ 144 _ ,3, 

1 0 :};} ^ ’ 

144 

= /I o-' ^ 7b-92o - 3! ,()50 tt.-lb. .Insu’Pr. 

0 ,5o - 


1\) cheek this result by 
I 4 , . 14-7 
1 -35 


Work doiK' 


eipiation (5), we have 
b(/lbr)d25Vijl-? \) 


- 3b.28S (1-S722 - I) -- 31 ,b50 ft.-lb. 
ifhi’' elTeetive work don(‘ bt/ tlu‘ gas during the tuo operations 
of eomjiression and e:jkq)ansion is 83,175- 31,b50, or 51 ,525 ft.-lb. 

Mean Pressure. Again, since the Avork dom* is equal to the mean 
effective ])ressur(‘ (M.E.P. or multiplied by the stroke volume, 
- 51,525 ft.-lb ; and 

-'0 Pill ~ 10,305 lb. tH‘r s((.^ft. 71;5b lb. i>er sq. in. 
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Tli(^ memi effective pressure (M.E.P.) during compression and 
(‘xpaKsion, Fig. 2# is ropresentc’id by the average widfti between the 
two curves, measured parallel to the pressure axis of the closecl 
area of diagram. Then tlie work done is this mevan effective pressuni. 
(lb. i)er sq. in.) multi] )li(‘d by the effective ar('a of the piston ili 
square iru'hes, and by the hmgth of the' piston stroke in feet. 

The ar(^a may be divid(‘d into ten strips by equidistant lim^s at 
I’iglit angi(‘s to tlu^ atmospheric lines (Fig. 2). Measure the mid- 
length of each strip as shown by dottc'd lin(\s, and the average value 
of these, multiplied by tlui scale of tlu^ diagram, that is\ 

the scale niuuber of the indicator spring us(‘d in tracing the diagram 
gives the mean effective jmvssure. \ 

The average widtli of the diagram is gent‘rally UK'asun'd mon* \ 
accurately and qiii(;kly by means of the Amsler pJanimcler . tlius - 
Set the two points on th(i adjustabh^ sliding bar to the exact 
length of tlic diagram, measured on tli(‘ atmospluaic line.. Start 
with the tracer at a point about mid-length of th(^ diagram and 
having the arms of th(‘ planirneter at right angh's. Tlien move the 
tracing point clockwise around the diagram, and tln^ reading di\ndod 
by 40 giv(\s the averagi* Avidth of th(‘ diagrain. The acc uracy of the 
instrument- may be tested by using it to nu^asiin* thci Icnown height 
of a candully drawn rc'ctangle of alKnit tlu* sam(‘. ar(‘a amrlcMigth. 

In order to d(‘termin(‘ the relation bidwc^m th(‘ ah.^ohifc pressure 
and volume of the fiiiid, as in Fig. 2, from an indicator diagram, 
the baromet(‘r reading is not(‘d when thc^ diagram is takem. The 
height of th(’ nuTcurv column in inc)i(\s, multiplk'd by 0*40 (sec 
p. 8), gives the atmospheric pn'ssun* in iiounds per square' inc h. 
The line of zero ])r('ssur(? can them lx* drawn ])arallel to the atmo- 
sph('ri(^ line, at a distances lieloAv it reprc'scmting thc' atmosphc'rii 
pressure to tlu' appropriate scab' of the diagram. 

Cle/irance. Tin* space betwc'cm tlu' cylindc'r cover and the [liston 
at the end of llu' c'ompression or in-strok(‘, including valve passages 
ill which tlu' Avorking iluid may remain, is (‘alk'd tin; clearance 
volume. It is found directly in some e-ngiiu'S by tlni im'.asurcd 
quantity of Avater that tills it, t.aking can* to avoid air being locked 
in the ])assag('s Ida* length, 0|, Fig. 2. is set (»tf in the' same ratio 
to the lengtli of the diagram as the' clearance* Aoliiim* is to the 
piston displacement. 

Engine Indicators. The function of tin* engiqc indicator is to 
trac(' and registi'r a pressurir-voUiim^ diagram, showing the actual 
c'hanges in pn'ssurt) and volumes of tlu' Avorking substance ifi the 
cyliruh^r during a cycle of o])(‘rations. Thc^ htflirator diagram thus 
shows th(^ events of the cycle, and by its shape indicaUjs faulty 
se?tting of vaU'cs, and ot her irngularitiijs in t he a(*taon of the engiiK'. 
From th(‘ an^a of thc diagram, thc^ nuxin etf(H;tive jiressurc' dihing 
the ey(*le and thc rat(' at which the fluid is doing work up^n the 
jjiston, called the indicated horse- 2 )ower, may be determiiKid. ‘ 
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The mjiiph j)iston and pencil indicator, invented by James Watt, 
^las been improved and designed to obviate the •difficulties due to 
rapid variation in pressure and increased speed of engines by 
•McNaught, Richards, and other inventors, who introduced the 
pai)t‘r drum, light piston and moving parts, short and stiff springs 



allowing tlu* induator piston only a short trav(d and magnifying 
this jiiotion four- or six-fold by the jmrallel motion linkage. The 
other modern tyyies- the optical, indicator and the electrical indicator 
-ar(‘ k^ss ])ortal)lc * and mow esptu-ially adajffed for s(‘ientffic 
r(‘S(^areh purposes and work in the laboratory. 

The Crosby Indicator, l^^ig. 5, manufaetim^d by tlu^ t'rosby Valve 
aiicf EngimHM-ing (^mipany, is om^ of the best known of the piston 
ai^ pencil type, desigiu‘d for steam „ gas, or oil engines. The 
indicator is tix(‘d by the union U on a cock screwed into the end of 
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the engine cylinder, and communicates with the clearance space. 
The piston P, of ^ or J sq. in. area, on which the fluicl pressure acts 
wh(m th(^ indicator cock is oj)en, is in the form of the central zone 
of a sphere, having line (‘ontact Avith cylinder in ord(‘r to rc^duee, 
friction. One end of the hollow })iston-rod is pivoted at the c.entrb 
of the piston, and the other end atteichc^d to the top of the controlling 
spring S by llall and socket joints. Th(' helical spring is fixed 
extemially so as not to b(^. exposed to th(‘ high t('mperatur(‘ o£ the 
gases, which would ati(u*t the clast icily of the steel This springy 
also shomi in Fig. G, is formed from a piece* of steel wire, having ai 
steel b(iad fixed in the middle, and mad(^ into a- double spiral, th(^\ 
ends of Avhich are passed through hol(*s drill(‘d h(4i(‘ally in four radial ' 
wings of the metal h('ad to hold tlie sju’ing s('ciir(4y. Adjustment of 
the (‘xact strength is made by scr(‘wing th(‘ ends of tin* win* into th(^ 
lu^ad more or b^ss. While the piston is moved rapidly upwards by 
pressure th(‘ spring is in tension The (‘ylind(*r of the indie.dor is 
held by a screwc'd tlang(* at the top (Uid only, and is frt‘(* to i*x|)and. 
The piston n(H*ds to b(* ke^d ck‘an and (*ar(*fiilly lnbricat(*d. Its 
rise or fall is proportional to the changt* of pressun^ in the engine 
cylind(‘i‘, and its travel is k(‘])t \(‘ry short hy th(^ strong spring, but 
multi])lied six times by the light liiikagc* guiding the long,^titf arm 
(‘arrying the iieiicil yioint which traces a v(*rtu‘al linn on th(^ 
paper drum D, 

The length of the A'(*rti(‘al lin(*s trac-(*d by Hu* ])(‘iKil R upon tlu‘ 
paper wrapped round tin* indicator drum, is i)ro])ortional to the 
l^ressure to tin* scale inark(*d on tin* s])ring. With a spi’ing marked 
200, a pressure of 2001b. {kt srpin wall givt* a heught of I in. on 
the diagram, but, if tin* ar(*a of the* indicator ])iston is Js(].iii., 
then ] in. veilical lu'ight on tin* diagrajn wall indicat (* a ])ressurd 
of 400 lb. ])er sq. in. in the ('ngim* cylimh'r. 

The total aidual ])r(‘ssure on tin* indicatoi' piston should be 
between 100 and 12o lb., Avhich Avould bi* given by a ])ressure of 
500 lb. per sq. in. on a piston area | s(|. in. The spring should th(*n 
be chos(*,n w’liich would give* a diagram not mon* tiian IJ in. high. 

The spiral s])ring //, inside the papi*r drum D, kc:eps the cord 
(‘onnecled to the* reducing gear from the engine jiiston in tension, 
and can be adjust(‘d by the nut N to suit the* syu'crl of the; engine. 

In reducing the r(*ciprocating motion of the engim* ])Lston to tin*- 
indicator drum, the* t(*nsion in the; cord has to overcome; the^ inertia 
of the drum r(\sisting acceleration and the varying pull of the 
spring 11. 'Jh(* sj)ecial cord us(mI must havii tlu* li‘ast possible 

amount of yi(*ld or stretcli, and stt*el Avin; ii better, in order to 
avoid ('iTors of str(*tching, (*s]M*cially at high spe(*ds, otherwise the 
horizontal motion of rotation of the ])aper Avill not bf*^ an (*xaet 
miniature of the yiiston's motion. * 

The Avhole ])encil m(‘chaijism can be turned so as to bring the 
pencil int<^ contact- Avith the paper. The pi‘-ncil must touch 
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paper very ly^htly, since friction causes the pencil to lag behind 
its true XDosition, so that the area of the indica!.or diagram ’is too 
large.* The fine point of a Koh-i-noor ” ])oncil on very smooth 
, [)axj(^r rcdiKH\s friction and its c^lTects. 

Mr. Willans stated lhat for deam (»ngin(‘s at 400 r.x:).m., the 
Orosby indicator xn*oduc(‘d cl ear •diagrams, and thctinaccmracy did 
not exceed 1 per ct‘.ni Tn th(‘ ease of internal combustion onlines, 
the .shock of th(* ('.xi)losion may produ(;e oi‘rors of at least to 3 
per cent, or mor(! at high sj)t‘(‘ds. If the ex})losion attains maximum 

])ressure Avhile llu^ crankshaft movers through 15° or ^of an^volu- 

tion, and the ])(‘trol engim* sjkuhI is :2,100 r.x).m. or 1 revolution in 

of a s(‘Cond, Ihen the high maxi- 
mum ^)ressnr(' is apt)lied in ^ of a 

S40 

S(‘COlul. 

Obviously llu* juston and pcaicil 
type of ihdi(‘alor is not suital)l(‘ for 
internal combustion (mgimvs running 
at speeds al)ov(‘ about 400r.x)m. 

. when the explosions ar(‘ rapid and 
th(‘ pi‘essur(‘s v('ry high. Errors in 
the diagram an' causi'd b\ 1h«‘ eoni- 
bined eth'cts of iiuulia, friction, 

\'ibration of llu^ spihig, backlash due to slac*kness m the pin-joints 
of linkage, and high t(‘jnp('ralure.s in tlu' indicator cylinder. 

(1) The (‘tha t {)t friction of the ])iston and pencil, and inertia of 
moving parts, is to incn'asc tlu*. mean ]u‘essure, because the xjcncil 
lags behind its tru(‘ po'^ition, so that the indicated pressun^ is too 
low during ('omiin'ssion and abo\e tlu^ actual x^^^‘‘"5siire during 
expansion. (2) 'Hk' })osilion ol tht' drum may not corresx)ond to 
motion of th(‘ cJigine ])iston due t-o backlash from slackiu'ss and wear 
in the pin-joints of the ]H*ncil mechanism, also to stretch of the 
indicator cord by sucldt'ii i)ulls. The latter effect is shown in the 
pencil indicator diagram, k'ig. 7, in which the full line is the correct 
diagram and tlu' broken line tlu' boundary of the actual diagram 
trac(;d by the indicator pencil. (3) Iiu'rtia effects are due to 
suddmily applied prcssuri', liki^ blows, which produce varying accel- 
(‘rati^is of the masses of moving parts — thi' indicator ])i.ston, j)encii 
linkage, and the pajicj' drum tmiding at first to ri'tard the motion 
of the tracing pimcil, and iinally to drive it too high, so that the 
registc'red maximum ])ressure of an ('xplosion is much hightu’ than 

* J^^iTors* of tl]o J udicator,” by Osborne Heyiiohls and H. W. Bngbtmore, 
/Vor. Inst.(\bJ. (18S5), Vol. 83, Part 1 ; and l)y J. i}. Stewart, Proc, Inst. 
Me(^i. !»., iJanuary, 1013 ; also “ Symposium o? Pajiers on Bngiue Indicators,” 
Proc.Jnst.Mech. t'., No. 2 (1923). 
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centre^ on pivots of stool points, which arc pi'ossod upward against 
the hardene(i sttn^ under -surface of the beam. Tho disk A is« 
kept cool by Avator W circulating in tho jacket bc'low it, while the 
upper surface is ox|)osod to atmosphe^rio pressure'. Tlu^ pre'ssurc' of,* 
the gases in the engine cylinder forces the* disk and rod upwards, 
and tilts tho inh-ror in the' plane oft he* ])af)er, so tliat light from an 
arc lajnp is ri'flocte'd ipnvards from M to a plant' mirror, which is 
turnf'd pe'rpe'iielie ulai’ to the' ]m])or and ])roportional to the' motion of 
the piston. 

I Source of Li^ht. 



Fiej. 5U. Diackam nr Tern l)AriiY-\N' \tson Oi^ncAi. Indicator 

Dj'. Watson enpiloycel this o])tie‘al indicatoi* in re-seuirchc's on air- 
petrol mixture's* in the* e-ngine*, and in the* sludy of ignitiem in the* 
petrol motor. 

Professor W. K .Dalhy has el(*signe‘d this indicator in a e eimme^rcial 
form, shoAvm in the diagram Pig. IM, anel eleivisc'd diffeTe'iit typos 
from time to time* tei me*e*t the^ various conelitions that have arisen, 
like that illustrate*d by the: diagram, Pig. 

The*. Dalby-Watsoyt Indicalor e*onsi.sts e*sseaitially cd' a disk A 
firmly suppeirtc'd betv\'e*e*n tlange*s B, anel arrangc*d for watc'r e*ireu- 
lation to keej) the disk as e*ool as possible*, llie^ variatiem o{ the* 
pressure is measured by the* variatiein in the* eU*tle'ciion e^f the disk. 
The thieknc'ss of tho disk must be ])roportione*d so that the dedleetion 
corresponding to the* maximum ])ressure is small. The defloction 
of the disk A is iransinitte*.d by a rod C to a light jmirror D, 
suitably mountt*d and constrained by a spring (not shown) to follow 
the deflection of the disk sft that the angular displacement e4 tjiis 
* rroc.,Insf Auto. K. Ill, p. 245, mid Cantor Lecture.'^, 190K. 
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mirror is j)roporlional to th(^ variation of the ]3ressur(^ in the engine 
cylinder, with practimlly negligible error. » 

* A plane mirror E is monnt('(l so that its axis is at right angles 
,to the axis of th(^ mirror D, and is so connected that it tilts pro- 
I>ortionally to tin* displacement of tlu^ piston. 

A beam of light, originating (‘Uh(‘r in a Point-o’-Lite ” lamp or 
in an arc, is projc^cb^d c(‘nt]‘ally on the mirror D, and reflected by th(^ 
secojid mirror E, and finally brought to a focus on the; camera scr?ien F 

Wlu^n tln‘ engine is working, the simultaiu^ous tilling of the two 
mirrors causes the sjiot of light to describe* the pressurc-volunK'- 
diagram on the plate. 

By means of an ingemious phase-changing device, designed by 
Professor Dalby, whieli is totally (m(*los(*d in an oil bath, the phase 



Kk;. 10. I)lA(niAMS 'rAKCN WITH A I )ALJ{ V -WaTSON OPTICAL 
Indicator 

^iFroiti a DiC‘Ht'1 K l‘.M. 240: Air Plasl Oressiin' 715 lb. })cr sq. iii. ; 

M(mm Pressure 1 IS lb. per srp in.) 

of th(‘ jiiston displac(‘ni(mt may bi* alU'ri^d to produci^ the kind of 
diagram so useful lor examining the- dead points in the p.v. diagram. 
By setting the phase at 90"^ from normal, the jieriod of ignition is at 
the? centre of tlu* diagram, on what is practically a tinu* basis. The 
lirint, Fig. 10, from tlie original iilate, taken by Proh'ssor Dalby 
with his optical indicator from a Diest*! engine, gives lour pressure- 
volume diagrams placed om^ over the other, and two superposed 
cycles differing in phase ’ from thi' normal eycl(\ The horizontal 
line marked “ admission ’ indieatc's corn's ponding points on both 
diagrams. The eomprx'ssion curve in each of the ]).v. cycles is 
coincident on om^ firu' liiu', and clearly shows the precise point at 
which the mixture 'began to burn Tlu' small variations and 
differences of pri'ssun* w^hieli followa^l ignition in these c^^cles are 
exactly reyordi'd, and there is very little differt'iice in the expansion 
curves. The spot of light in the phase* -changed diagram moved 
fro^n Jidt to right, showing clearly for tw<o other cycles the time rate 
of ri^ic of pressure in the cylinder before and after ignition. 
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large scale the pressures so averaged, and the smooth curve drawn 
through the points? will represent the mean diagram. 

The mean effective pressure, p lb. I)er sq. in., acting in the engiiii* 
cylind(*r may also be nu^asurt^d rapidly and dirc^ctly from the, 
indicator diagrams by the usi^ of a planimeter. 



The indicated horse-power of an engine is the average rate at 
which work is done by the gas or va[)our on the ])iston, as calculated 
from the mean inrlicator diagram. Ixd a re^present squarii inches 
of the cross-sectional area of the cylinder, I the lengtli of jftston 
stroke in feet, and n the .number of explosion cycles or indicator 
diagrams traced per minut-e. Then for every diagram or p.v. c^^cle 
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pa lb. represents the total mean effective pressure or force driving 
the piston, and fh.-lb. the work done by the gas or vapour on 

ftic piston in one explosion or for every diagram. Hence the 
product plan ii.-lh. gives the work done on the piston per minute, 
a*nd this rate of working is the 


1 7ul icated horse -power 


plan 

337)00 


# 


(7) 


When working out the indicabid horse-power from a large nunibtu- 
of indi(;ator diagrams takc^n during a trial, the calculation is made 
easier by iinding the valuer of the cylinder constant which is the pro- 

lo 

duct of the constant factors ^^^d this, multiplied by p x n, 

gives the indicated horsti-power. 

In an internal combustion engine, n n‘presents the number of 
explosions p(T minute. Thus tin? mdicated power is the area of the 
indicator diagram multiplied by the number of diagrams or explo- 
sions ])er minutt‘, and by the appropriate constant for reducing to 
liorse-j)ower. In a single-acting sti^ara (mgim^ thert^ is one cycle per 
revolution, so that n is the number of rc^volutions per minute. In 
a double-acting steam engine there art^ two p.v. e^'cles or diagrams 
.])er revolution, so that in this case n is twice the number of revolu- 
tions per minute, that is, the number of piston-strokes per minute. 
Also, on one side of the piston the offectivci area is a, minus the 
se(;tional area of tlu^ Y^i^'^ton-rod or tail-rod, and the mea?t pressures 
on each side of the ]h.ston will bt‘ p^^ and p., on eflectivii Y)iston areas 
and ajj respectivc'ly, then the 


Indicated horsc-Y)ower 


iPVh + 
33,()00 


( 8 ) 


where n is tlu' number of revolutions j)er minute, and I the length 
of stroke in feet. 


Example 4. Kxplam what IS iiu'iuit by tlie mean effoctivc prossine of an 
niigiiio, and show how its value is oiitained from an indii'ator card. Average 
cards taken during a trial have an area of 4-2 sq. in., and a longtli ot 3-0 in., 
and tile scale of the spring used is l/tiO. The caigine indicated had a cylinder 
diameter of l.T in., a stroke of 30 in., and ran at J20r.p.m. Kstiinate the 
average I.H.F*. developed during tiie trial. ( A.M . l}ust.( \E., 1923.) 

Th% mean effective jm^ssure on the ])iston is measured by the 
average width of tho indicator diagram muUi])lied by the scale 

. 4-2 

umber of the spring used, in this case, IM .E.P. — X 00 — 84 lb. 

77 

per ill., and the effective piston area = 4 X 1^** = 176-7 sq. in. 
.'.tt e average force on the piston = 84 X 170-7 lb. 
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The work done on the piston per revolution = 84 x 176-7 X -1: 
ft.-lb.*' <■ ■ 

, 84 X 176-7 X 30 X 120 

the average indicated horse-power — ‘i^o6~x 

134-9 A^iswer. 


If the engine is double-acting, giving two diagrams per revolution, 
the indicated horse power = 270, nearly. 

Example 5. A donblo-actinff onujiiic lias exlindcr ISm. dial net or, ^ 

piston stroke 30 in., piston-rod 0 sq. in. sootional area, siieed 120r.p.in. By ^ 
[jUinimeter ineasurenient of the indicator diagram, the mean jiressnro on one i 
side of the piston is 31, and on the other side 30 lb. per stp in. Find the ’ 
indicated horse-power. 


The sectional area of cylinder is tt X 9’ — 254-5 sq. in., and the 
effective piston area on one side, found by deducting area of piston 
rod, is 248-5 sq. bi. Substitute these values in equation (8), and 
we have 


Indicated horse-power 


(3i :;^254-5_-|- 30 X 248-5) X 2-5 x 120 
' 33,000 ~ 


^ 139-4 


A uswer. 


Again, if we take file aviu'agi^ mean ])rt5ssure i(30 | - 31), or 
30-5 lb. per sq. in., and tlu^ sum of areas on the two sid(‘s of piston 
503 sq. in., the work done by the steam on the ])iston ])er revolution 
is 30-5 X 503 X 2-5 38,354 ft.-lb., and thii 


Indicated h orse-] lower 


38,354 X. 120 
33,000” 


139-47 


Also, in this case, neglecting the secjtional an^a of the piston-rod 
which prevent.s the steam acting on that })art of the ]jiston, the. 
average of the mean prcissure gives the averages forci* driving the 
piston = 30-5 X 254-5 = 7,702 lb. ; and tlie work don(‘ by the 
steam per stroke — pal = 7,702 X 2-5 ft.-lb. — 1 9,405 ft.-lb. 

There are 2 x 120 strokes p(*r minute, and w'e ha-vi^ 


Indicated horse-powi-r 


19,405 X 240 
33,000 


14M 


Obviously 140 H.P. is a close (mough ap])roximation, within the 
limits of error of tht^ im^xn ]ir('.ssur(‘ obtaiiu-d by th(‘ ordinary piston 
and pencil indicator, and may be* nsc‘d whcui Ihc^ (dfeclive piston 
areas are nearly equal and the mean ])rc^ssures differ only slighVly. 

The brake power of an engine, is thci (4T(;ctiVc powc^r delivered at 
the crankshaft or brake whoed, and available for (‘xternal work. 


Mechanical efficiency is the ratio of the brake to indicatc‘.d power. 
The difference bc‘tween the indicated and brake power is^ the 
mechanical loss, i.e. that pa^;,t of the indicated power which is pasted 
in overcoming the internal resistances of the engine*, including ; 
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(1) 'piston friction due to the inertia of the piston and reciprocating 
parts, and friction of piston-rings ; (2) friction of the beivings, 
calves and other parts of the inechanisni, causeef by resistance to 
relative motion ; (3) fluid resistance in the pumping strokes of the 

piston of the ink^rnal combustion engine. 

In this type of engiiK) the total mechanical losses under good 
(‘onditions at normal load usually vary fi’om 10 to iO per cent of 
the indicated power, or th('. me(‘hanical (‘fheieney is from 90 t/) 80 
per cent. 

Suppose an engine at full load and normal spewed dt^velops 
lOOI.H.P.j and of this 10 H.P. is absorb'd in internal friction, 
then the brak(^ horse-y)OV'er will be 90 and the mechanical efficiency 
90 pen’ c('nt. If the load is nnlueenl to 40 I.H.r. and the mechanical 
lossi\s rtnnain the same' lOK.P., now the brake horse-power is 30, 

and mc'chanical effje ie'ucv bece)nu's — , or 75 pi'r cent. At full load 
, ‘ 40 ' 

the friction on the' bc'arings may increase' slightly, owing to increased 
pressure, eneni with good hibrie‘atie)n ; e)u the other hand, the fluid 
or ])uniping loss is then less than at no load. The results of careful 
tests give the total nu'chanical lossc's 12 ])e'r ea'ut e)f the indicated 
y)ower, and e)f this ])iste)n friction absorbs one^ half, or fl pt'r cent, 
be'aring friction 3 per e'.ent, and fluid friction 3 per cent. However, 
•in souK^ very high s])e('d yM'trol engines, piston friction alone absorbs 
50 to 60 pc'i' c(‘nt of tlui total mechanical lossi's. 

Wh(ni this type of engine' is running at half load or less than full 
load, tlu'. mean effectivtj ])r(^ssurc in successive cycles is variable. 
Hence the uncertainty of the* correct value of tlui indicated power 
at less than full load, which could only be nn^asured directly by an 
•ccurate. inb'grating indicator, and the instruments of this kind 
available are unsuitable for high sp(‘.(‘d (Uigines. 

Without usiiur the ordinary pinu il indicator, the indicated horse- 
power and mccluinical cfjicicnn/ of an internal combustion engine 
!nay be ('stirnated indirectl}’ from tlu^ brake horse-pow'er, which 
can be mcasun'd accurately. 

(1) One; method adopted by the Committee of the Institution of 
(Uvil Engineers in gas engine trials, dt'j)ended on the accuracy of 
measurement of thc^ gas siipjflied to th(^ engine. Keep the speed 
constant and assume friction the same at different loads. Measure 
the brake; hors(;-power and total gas iisc'd per hour at full load and 
half load. Plot tin; total gas as ordinates against- brake horse-power 
as baSc line;. Thus at full load point, A, the vc'rtical AB represents 
total gas used ; at half load ])oint, C, the vertical CD represents the 
total gas at half load. Produce the line through the points B and 
D to meet the vertical through no load point, E, at F. Draw DL 
paraftel to base line AE. Then BL represents the gas required to 
change the brake; power by the amouyjt DL, and, provided the 
friction remains constant, this quantity of gas per hour would 
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change the indicated horse-power by the same amount. Hence the 
ratio JIL to DL is the gas per indicated horse-power hour, and the 


f 

mechanical cfficieiicy at full load 


gas ])er I.H P. hour 
gas ])er H.H P. hour’ 



(2) In high spec‘d imillicyliiuhT ])otrol engiiu‘s, the method devised 
by ]\lr. L W. Morse to find Ihc*- mechanical (‘tficiency consists in 
mea^siiring the brake powtu* of th(‘ engine when all the (\vlinders an* 
working at constant s])eed and full load. Tluui tin* ignition of on^* 
cylinder is stopped by cutting otF tin* current, and the brake load 
reduced until the (Migim* sp(*ed is brought uj) to its normal value. Th(' 
n^duction in the brake* liors(*-p()V\ (‘r is approximately the indicated 
horse-power of tin* evlinde*!’ which has l)(*(‘n cut out. Treat tine 
other cvliiidc*rs in the same way, and tta* sum of the results is 
approximately the indicated horsi‘-powt*r of the engine at constant 
speed. Mr. Morse points out that the value so obtained is too high, 
and he deducts the power betwe(*n the (‘ompn*ssion and expansion 
in a cylind(‘r not firing. Also the pumping and fluid losses are 
usually greatesr in a cylind(*r when not- firing than when firing. 

(3) Another method is to iru'asure the power required to drive 
the engine at normal speed without (‘xtiaaial load : th(*.n, assuming 
the mc^ehanical loss(*s constant at all loads, the indiiatc^ horse- 
power at any load is the brake hors(^-])ow(‘r ad(h*d to the indicated 
powi*r at no load. The (*ngine is driven, without load, at normal 
sp(*ed by an el(*ctromotor, and tlu^ power absorb(*.d is measured ; 
but the working conditions are ditfer(‘nt, as also tlie friction and 
fluid losses, when thc! engine is liriiig. 

The power wasU*d in ovi^rcoming all tlu^ int(*rnal rcsistanciis of an 
(*ngine may be ex])rcssed as the equioulcnt torfjae on the crankshatt 

at a given speed. Thus ll.P., or T , where T 

ooO 0) 


is torque or resultant turning moment in lb. -ft., and oj the angular 
velocity in radians ])er sin ond Suppose tlu* differ(*nce between the 
indicat(*d and brake hors(*-j)ow(‘r of an (‘iigine is 5 H.P , which is 
absorVjed or washnl in the engines whf*n thi* s])('cd is 300 r.p.m. or 

277 X 300 1 1 ■ 

tTi ~ radians per s(*cond, th(*u 

* ^ 5 V 550 _ 


the equivalent frictional torque T 


-- 87-53 11). -ft. 


The total frictional torque T on thc^ crankshaft at a given speed 
may be made up of the torque Avh(*n tin* (*ngin(*. is running light, 
and a part, proportional to the ])rake hor?«i-power, then 


T - T, I- a . 


where a is a constant wliich can be found, as W(dl as tfie frictional 
torque at no load, from ^wu determinations of the indicated and 
brake horse -power of an engine at different speeds. " * 
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1 , /r. ■ Brake horse-poAver 

The mechanical efficiency , m—~ , - - - , 

Indicated horse-blower 

•brake horse-power = m X indicated horsc-poweif 
From equation (7), page 25, we have 


29 

u 

that is. 


^ ^ _ m X p .'i s n 

brakes hork(-power "3^00^ ^ 12 ^ 

where n = revolutions per minute, 

and s* — stroke in inches, 

d = cylindi‘.r diameter in inches. 

or, brakes horse-pow(U* — mp X X X c> t" ooTTn 
m}) . d^ . m 

"" l,()()8TflO 

, 1 ,008,41 0 X brake horse-power 

and, nn) - ,, . (9) 

drsn 


Th(^ product mp is call(‘d tlui brake mi%an (effective pressure ” 
which may be (l(4ermined from brake leasts, and is found to increase 
with the bon^ of tlu^ c’ylinder in liigli -speed petrol engines. 

Assume that, in tin* ordinary petrol (nigine, mp is 84 lb. per sq. in. 
at 1,200 r ]).m , Ukui by equation (9), a rough estimat/t' of the brake 
d~,s 

horse-} lower - y-- 

The lirake horse-powm' is mt^asiired by a brake or dynamometer 
applied to a wheel on the crankshaft. In friction-brake dynamo- 
# meters all the powcT of the engine is absorbi'd or spent in friction 
producing heat 

A simple and accurah* friction brake, invented by Lord Kelvin, 
consists of a ro]i(’, or con]ile of ropes, carrii'd once round a pulley 
fitted on the crankshaft, with Aveights lianging freely on one end to 
oppose the motion of i\w engine, and a spring balance gives the 
vertical pull at the slaclt (md of the rope. The rim of the pulley 
should be flat and not rounded. The little Avooden cross-pieces, 
with grooves to keej) the r()p(\s from sli]iping off, should be laced 
to the ropes and not fastened by nails to touch the rim of the 
wheel, and thereby Ix'conK^ heated by friction so as to burn the 
rope. 

Vftien each block of wood is lubricated Avith tallow and plumbago, 
the coefficient of friction is steady between 014 and 0-25, deptmding 
on the load ; when th(‘ wood is coAwed Avith lubricated leather, the 
coefficient of friction for the diffident loads is nearly the same as 
wiMi rop^ contact from 015 to 0-35, and the brake runs smoothly 
and steadily. The fj-iction may be increased by fixing ferrodo on 
tfte ^ood. ‘ ^ B 
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Tor any given load or resistance, W, the pull 8, Fig. 15, in the 
spring balance at the slack end of the rope varies slightly, due to 
alterations in the, coefficient of friction, [i, caused by heating of tho 
wheel and drying of the rope. On this account, frequent readings 
of the spring balance must be taken to obtain a correct average 
value. 

The work done by the engine ki ov(u*coming the frictional resis- 
tance of the brake is converted into h(\at at the surface of the 
whccH, warming up the rim rapidly, and constHpuuitly the brake 
pulley must be water-cooled to prc^vcnt oA^erheating and kec'p the ' 
tiiinperature uniform . 

A brake pulley is usually mad(^ with ilanges on th(‘ rim, forming a 
trough outside, Avhu h dispcMises Avith tlu* Avoodcui blocks, and inside 

the rim the trough for cooling 
A\aler prevents o\'('rheating. 
Water drij)s continuously into 
this trough, and centrifugal 
forc(\ due to sp(HMl of rotation, 
kee])s th(^ water against the 
rim, ANdiiTe it (‘vaporates ; or, 
for cooler nmnijig, any surplus 
AA’ater is scoopt'd aAvay by jpother 
pipe. Th(‘ wat(‘r suj)])ly should 
b(‘ turned off lud’orc th(‘ (md of a 
t(‘st to allow tirm^ for the Avabu' 
in th(‘ rim trough to evaporate, 
otli(M \\'is(‘^ as tile engine slows 
down, any Avater in the trough 
falls and splashes all around. 

If 0 is the angl(5, in radians, 
subtended at the centn' by tlu arc of contact betAA^c'cn the pulley 
W 

and rope, then — ~ Avhcre 2-71828, and fx is the co- 
efficient of friction bcdwecn rope and pull(‘.y 

In order to k(^ey) S a small fraction of W , th(^ angle i) is made 
large. Usually, with the rope once round, Avhen 0 — 277, the ratio 
W 1 1 

^ may be constant at— to ^ dry ro])e. 

The load or resistance is adjusted by tlu^ weiglit , W lb., and tlu^ 
pull, ^SMb., in the spring balance changes automatically. 

The difference of the V(‘rtical pulls, (IF - 8) lb., at the (mds (K the 
rope, multiplied by the (‘fTe(;tive radius, It, m(*ashires the total turning 
moment or mean torque, T, on the crankshaft, necessary to over- 
come the frictional n‘,sistance — 

T ^ (W~S)R\h, h. 

R is th(^ effectiAc radius fif the brake measun‘d from thi^ rweistof 






WORK, POWER AND ENERGY 31 

rotation to the centre of the rope where the vertical pulls are 
applied. • ^ * 

• At the speed n r.p.m. of the wheel, 27^?^ radians is the angle turned 

through per minute ; and ih(^ angular velocity co = radians 

per second.’ Then the work d()ne.^)er second is To), a^id the 

, , , ' Toy 27rnR{W--H) 

brake horse-power ^ - - xf,{m ' 

where 27tR ft. is the (urcimiferemui of the pulley added to that of 
the rope. 

Alternative Method. The pull of the freely hanging weight, W lb., 
may he regarded as tlui load or resistance o])j)osing the rotation of 
th(i brake, wlieid, wliile the 
V(Ttical pull R, at the slack (‘iid 
of the rope, li(d])s the engine, 
so that tlie ditferenee of 1h(‘ 

V(irtical and opposite ]udls on 
the two ends of tlie rope, 

(IF-/S)lh., repr(‘S(‘nls tlu' net 
load or frictional resistance of 
the brak(\ The w'ork doii(‘ by 
the (Uigine in overcoming this 
frictional resistance is 2ttU(W 
- S) ft. -lb. p(U' revolution, when* 

27Tltit. is the ('liecth'e cir- 
(nnufennee of the brake, i.e. 
th(5 sum of th(" circumf(»renc(^ 
ot,tho pullcj- atid that of the Kj,, j,;, 

ro])e, or tJie distance through 

which the resistances is o^au-come during oiU' revolution. Wluni the 
brake whe(d is inaking n r.p.m., the rate of working or power is 
27r/i’n(ir - S) ft. -lb. ])er minute, and we liave the 

27tU71(W-S) 

brake horse-])owei* — - OOO 

Thus, the difference of the pulls, in pounds weight, at the ends of a 
rojye or belt on a pulley, 'multiplied by the rim speed, or velocity, in feet 
per niiniite, and divided by 33,000, gives the horse-power either absorbed 
or transmitted by the rope or belt. 

In thjO case of high spt^ed motors \i\) to 40 or 50 H.P., a spring- 
balance is commonly jy^)plied at ('aeh end of tlie rope, which is 
wound once round the water-cooled brake pulley, Fig. 16. 

The load, IF lb., opposing the motion of the engines can be readily 
adjusted by having one end of the rope carried over a pulley, while 
the pull on the spring- balance, Sib., at the tail end changes 
autonjatically, depending on the friction? and must be observed 
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frequently, owing to changes of the frictional resistance between the 
rop» and pulley. Care should be taken to keep a steady water 
supply to the brake wheel. • 

Example 6. In a brake tost of an tlie diameter of tlie water-cooled 

brake wheel fitted on the crankshaft is 24 in., and that of rope, wrapped 
round the wheel, is 1 in. The rope is kept at rest by a vertical pull of 315 lb. 
on a spring bfi>hince at one end opfj/)sing the rt)tation of the shaft, and a 
vertical pull of 85 lb. on tbe tail end, when the speed is 1,200 r.p.m. Calculate 
tho** moan torque on the shaft, and the brake horse-power. 

25 

The effective radius of the brake wheel is - — ft., and the torqu(^ 

exerted by the shaft is (315 - 85) ^ = 239-58 lb. -ft. \ 

24- \ 


The angular velocity ro = 
and therefore the 


X 27r — 1 25 (Jb radians pt^r second. 


, 1 , To) 239-58 X 125 06 

brake horse-power = ■ — = 54-74 

550 550 - 

^4715 M;er. 

Otherwise, the net load on the brake is 315 --85 = 2301b., and 
the work done by th(^ engine in overcoming this resistance through 

one revolution is 230 X ^^j^ft.-lb. Therefore, at 1,200 r.plin., the 


25 X 3-1416 

brake horse-power = 230 X X 

J z 


33,000 


- 54-74. 



Water Brake. In 1877 William 
Froudci invented the hydraulic 
brake to measure the j)ower of 
large marine engines.* A cenl^ral 
wheel A, Fig. 17, is keyed to the 
engine shaft, and consists of two 
similar parts bolt(*d together at 
B, and is encloscKl in the outsidt^ 
casing, C, like an annular box 
which is free to turn on the shaft. 
The ring of tin* central wheel, or 
rotor, is divided into semi-elliptical 
vanes or cups inclined at 45° to 
the vertical plane of rotation. 
Facing these, on both aides, there 
are similar vanes or baffles^ around 


Fia. 17. Fhoude Water 
J jRAKE (Half Section) 


the casing,' with clearance from the 
rotor. The water inlet is at D and 
the outlet at E. When the casing 


is full of water, and the engine turns the central >X^heel, *^4, the 


water is under the influence of centrifugal force, and the pairs of 


• Proc. Inst. Mech. Engrs., 1877. 
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opposite vanes, when they come together, form egg-shaped pockets, 
in which the centrifugal action produces vortices in a plane awt 45° 
k) the axis. The vortices, on one side of the brlke, whirl in the 
opposite direction to those on the other side, and so balance 
reactions parallel to t]i(‘ axis of the shaft. 

The other comj)onent of the centrifugal pressure acts on the 
casing, and the turning moment the shaft, producing the motion 
of the water, must balance the moment of resistance of the outer 
casing, which is measured by the torque applied by weights on a 
lever rigidly fitted to the easing. 

The casing is always full of water, and thc‘ resistance is regulated 
by thin metal sluices between the vanes of the central wheel and 
casing. 

The work done by the engine against hydraulic friction is con- 
verted into heat, which warms the water flowing away by the 



outlet E, The work done per minute is equal to the torque multi- 
plied by 277 timers the revolutions of the shaft per minute. 

Reynolds-Froude Hydraulic Brake. IVof lessor Osborne Reynolds 
designed a modification of the Froude brake,* without the sluices, 
which has constant atmospheric pnvssure at the centre of the hollow 
vortices in the brake wheel, even when the 24 pockets on both faces 
of the rotor are only partly full of water. The essential feature is 
that small holes, drilled in the walls of the casing buckets, allow any 
air brought into th»3 wheel by the watc^r to escape to the atmosphere. 
Also the resistance of tlii^ brake is regulah'd automatically by the 
quantity of water in the wheel by the w\ater-cocks D .and E, Fig. 18. 
A slight clockwise motion of the casing and lever, B, about the shaft, 
partly opens the outlet E, and, through the linkage L, partly closes 
the irilet i>,*thus nalueing tlu* quantity of water in the brake. By 

* J*ro 4 i. Inst. K., Vol. 99, p. 107; and Tranif.^ Vol. 190 (1897), 

pp. :ror)-422. 
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adjusting the handle wheel, H, thLs regulation is made more sensitive. 
Thetwal^r supply enters radially, passes through the holes in the 
vanes of wheels* and by centrifugal action from the central cavify 
to the vortex pockets, enters the out(ir chamber between the wheel 
and casing, which is always full when the wheel is running, and 
leaves the casing radially tliroug^i E to the trough T. The weights, 
W , hang on k knife-edge, and the dash-jiot j)iston, moves freely 
in ©il to steady the motion of the lever and damp out oscillations 
set up by fluctuation in th(' speed of the engine. The jockey weight^, 
J, on the kwer B, is adjusU^d by a fine screw, while the balanc^ 
weight, h\ compensai(^s the weight of the lever arm and tlu^ 
jockey weigh! , /, wh(m not loaded. \ 

Professor ll(‘yiiolds and Mr. W. H. Moorby made a careful deter- \ 
mination of the mc'chanical equivalent of Insrt by using this hydraulic 
brake drivtm ])y a 100 II. P. steam engine at ">00 r.p.m. The. brake 
gavc' the exac t amount of work expended in raising the' tcn\peraturo 
of water between the; two physically fixed pchnts : thci tem})erature 
of molting ice and that of water boiling, uncler st andard atmospheric 
pressure, by the agitation of the water in the hydraulic brake. The 
lu'at so gc^nerated was diseliargc^d in the water which entca’c'd ice- 
cold and, aftc'r circulating through the brake, Icdt at the boiling 
])oint ; tlmn tlie vater was cooled and allowc^d to flow iijbo a tank 
on a weighing machine. St(‘am was prcwcaitc'd from forming by a 
pressure ht'acl of 11 1! ft. Bcdorc^ every trial thc‘ brake was balanccal 
without load, but fillcul with watcu* in the sanies conditions as during 
the trial, whcui the* K‘V(‘r was always k(‘pt Ic^vc*!. Standardized 
therinomeders indicatc^l thc^ t(un])(‘ratur(‘ of thc^ watcu' (‘iitering and 
leaving the* brake'. In lu'avy trials the tur(|Li(^ or moinc'nt of resist- 
ance was 1,200 lb. -It., and in the light trials 000 lb. -ft DitTercnacs 
were taken fcjr each ])air of hc'avy and light loads to eliminate^ 
friction and othc'r lossc's. The*. aviTagc' corrc'ctcal result of 44 
reliable trial runs, c-acli of ()2 minute's’ duration, was - 


Trinls. 

'Torejue. 

A\'era^jo Work. 

H('at (Lvon to Water. 

(Ib.-ft.) 

(ft . -11). y)or trial ) 

(Ib.-ile^reo Fahr.) 

21 heav}’ 

1200 

1 134,337,403 

' 171,510 

21^ 

ooo 

1 ()l,3.'jr),r,03 

77,710 

Differences . 

. 1 72,981,000 

i 

93,800 

1 __ _ ___• ___ 

This gives 

Work done (ft. lb.) 

Heat gc'nciiated (lb. dc^g. F.) 

778-06 = J. 


After varic^us small corrc^ctions, the mean value of theluBCHjfNiCAL 
EQUIVALENT 01’ JIEAT, bct)f 0(311 the temperatures 82'’ F. and 212° F., 
is 777*91, taking the weights in air at Manchc^ster. Keefuce^ to 
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sea-levol, Lai. 45^ gives 777-6 ft. -lb., equivalent to the mexin British 
Thermal unit. The unit so defined does not depend upon the scale 
o? any particular thermometer. For all practical purposes, we may 
take the round number 778 ft.-lb. of work equal to th(^ mean 
British Therynal unit (1 B.Th.U.) between 32" F. and 212" F. Thus 
180 X 778 ft.-lb. of work expended*in friction raises the tempc^rature 
of 1 lb. weight of water under standard pressure from l]2° to 212" F. 

1 

tfence the mean British Thermal uvit (1 B Th U.) is _ of the 

1 SO 

quantity of lu^at required to raise the temperature of 1 lb. wcdght 
of pure wat(U‘ from the frc'-ezing point to the boiling f)()int, at standard 
atmospheric pri'ssure, and is equivalent to 77s ft.-lb. of nu'chanical 
energy very nearly. The Centigrade Heat Unit (1 C.H.U.), or the 
mean 'pound calorie is tlu‘. one-hundredth part of the quantity of 
heat required to raise 1 lb. weight of water from 0" to 100" C., and 
is equiviiltint to 1,400 ft.-lb. of nK^ehanical energy. 

The thermal equivalent of 1 hoi'se-power hour of mechanical energy 

IS therefore, - ~ 2,545 B.ih.lJ. of heat energy. 

11 n 

33,000 x 60 ,,,,,, uTT . 

or " — f >414 C.K.IT. of heat energy. 

‘ Messrs. Keenan and Fronde, Ltd., Worcester, make two types 
of the ‘*Froude” Hydraulic Dynamometer, which are most com- 
monly used for testing the brake powiw of engini'S. 

In oru^ tyj3(^ the hydraulic resistance is n^gulated by thin inidal 
sluice gates betwiMui the (central whec'l (rotor) and the casing, by 
im^ans of a hand wheel. When these sluice gates are moved tow'ards 
thi main shaft they cut off communication between the rotor and 
somi‘. of the cups in th(‘ easing, and so reduce the elTeetivc resistance. 
This typci is used for high speed petrol engines having a very wide 
ranges (d speed. 

The standard typo of ihc TIeenan and Fronde Hydraulic Dynamo- 
meter, shown in cross-si^ctional elevation, Fig. 19, consists of a 
ctmtral whet‘1 or rotor, A, revolving inside a(‘asing, C, through which 
water circulates to ]^rovid(r the hydraulic r(\sistanci‘, and at the 
same time to carry away the In^at genei'atc'd. Each face of the 
rotor and casing has oblique vant\s of smni-elliptical cross-section, 
forming half of the egg-shaped pockids all round th(‘, annular space. 
The casing is numab^d on bearings, BB, and anti-friction trunnions. 
The water supply (mters by the channels DD, and through holes F, 
in the vanes of the casing. Another series of radial hok‘S, H, are 
air passages from the centre of the cups to the atmosphere. 

The water^ entering the cups of thc^ casing, is caught up by the 
rotor A, which flings it forward into the cups of the casing, and the 
wati^r is returned again to the rotor, arud finally esca|)es by the 
outlet 1^, on the top of the casing. 
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The torque exerted by the engine shaft on the rotor or turbine 
wheel re-acts on^he casing, which tt^nds to turn on its roller supports. 
This turning tendency is counteract(‘d and measured by weights 
suspended on the lever arm fitted to the casing. Before making a 
test, the lever arm is adjusk^l by the weights and spiral spring with 
balance, to float freely in a horizontal jjosition betweeh the stops. 
The automatic valve for regulating the flow of water from the casing 
is at the outlet E, When the* lever is horizontal and floating 
freely, the addition of a weight to tlu^ load on the lever moves the 
lever from the normal position, and this motion partly closes tht^ 
outlet valve, so that more power will be; absorbed until the addi-\ 
tional load is balanced. Similarly a reduction (f weight on the\ 



Fig. 19. Heenan and Fuoude Hydiiaulic Dynamomktek • 


lever causes the outlet valve to open slightly, allowing more water 
to flow out, and decreasing the power absorlx^d by the brake. 

Wn 

The brake horse-power of the (mgine couplt;d to the brake is ^ 

where W is total n(‘t load of the* weights hanging frcjcdy at the end 
of the lever arm, n the spewed in revolutions ]kt minute, and the 
constant K is stamped on the name-iilatc^ of tin* ily/iamoiu(‘t(‘r. 

The quantity of cooling water sujqilic'd to the brake should be 
sufficient to keep the temperature of the wat(‘T at the outlet about 
140° F., and not higher than 180° F. Each brake horse-power hour 
absorbed gtmerates heat 2.545 B.Th.U., or 1,414 C.H.U. p^ hour. 
If the temperature of the inlet water is 50° P., and the outlet 150° F., 
giving a rise of 100° F., that is, 100 B.Th.U. is absorbed per pound 

2545 

weight of water ; then the water per hour would be , yiat is, 

more than 25 lb. weight, eir 2-5 gallons per brake horse-power hour 
of the engine output. 
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Example 7. A rope brake on the flywheel of an engine carries a load of 
250 lb. at one end, and a load of 10 lb. at the other end. The diameter of the 
flywheel is 5 ft., and the engine runs at 200 r.p.in. What V*ike horse-power 
IS the engine developing ? 

Assuming that 85 per cent of the iieat generated by friction between the 
rope and the flywheel is absorbed by a stream of cooling water, in which the 
temperature rise is 10*^ C., calculate the amount of water rocpnred per minute. 

{ A.M . ImLMech. 1924.) 


Giv^n effective circumference of flywheel = Stt ft. 
Net load on brake = 250 - 10 = 240 lb. 


Brake horse-power = 


240 X 5 X 22 X 200 
7 X 33,000 


= -®%r 22-85 H.P. 


Again, the heat equivalent of 1 H.P. minute is 


33^0 

1400 


C.H.U. per minute. 


Heat absorbed by cooling w^ater = 




1 ^ 

7 


= 458 C.H.U. per minute. 

Wi‘ have, 10° x IT lb. = 458, and W = 45-8 lb. per minute, or 
4-58 gallons pcir minute. Answer. 


^ Units of Heat. Quantitit.ss of heat are measured by the heat 
required to raise tlu‘ temperature of unit weight of water through 
a given range, namely, bctwei'ii the tw’o physically fixed points, 
the temperalur(‘. of moiling ice to that at w^hich water boils under 
the constant pressure of one atmosplu'rc^ The Centigrade heat unit 
(C.H.U.) dcfin(‘d above and called the mean pound calorie (lb. cal.) 
= ^■8 times the British Thermal unit (B.Tli.U.). 

The KILO-CALORIE is one -hundredth ])art of thi^ quantity of heat 
required to raise the temperature of 1 kilogramme of water from 0° 
to 100° C. 

Thus 1 kilo-calorie is tlu^ hesat taken to raise 1 kilogramme of 
water 1°C. 

= 2-204C)2 lb. X 1-8° F. = 3-9683 B.Tli.U. 

The unit of heat commonly adopted in scientific work is the 
gramme-calorie, which is one-thousandth of the kilo-calorie, and is 
the quantity of heat required to raise the tmnperaturc of 1 gramme 
of water, under atmospheric pressure, by 1°C. measured on the 
scale of the standard hydrogtm thermometer, either at 15° C. or, 
preferably, at 20° C. 

Although Fahrenheit is still the most familiar scale of tcunperature, 
the Centigrade is being gradually adopted by British engineers 
becausji of its international use and convenience, since the same 
numbers express quantities of heat energy in the British, metric, 
and (J.G^. systems. • 

The , Mechanical Equivalent o! Heat. James Prescott Joule, of 
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Manchester, was the first* to prove that when heat is produced by 
meohanical, electrical, or other means, the quantity of heat generated 
by the friction*of bodies is always proportional to the quantity *of 
energy (expended, and that the production of 1 unit of heat always 
requires a certain iiuinlxM- of units of work to be spent. In other 
words, .loule deinonstraU'd the conskini relation between the mech- 
anical work ^^pent in ^producing heat and the amount of heat produced. 

•Also, in accordance with the principle of the conservation of energy 
in the conversion of lu^at into work, ivhen work is done by means of 
heat in the cylinder of any heat engine, a definite quantity of hea\ 
disappears for every unit of work done, and, conversely, ivhen heat is^ 
generated by mecJuDiical energy, the same definite quantity of work is ' 
spent which is the equivalent of every unit of heat generated. Tlu' 
relation betvvaien heat and work is callcHl Joule’s (‘quivahuit (J). 
Whenever W units of mechanical cuiergy are wholly exptuidt'-d in 
gciKU’ating Q units of heat, W JQ. This law of equi j^aleyice of 
heat and work is the first law of thermodynamics. 

Joule showed by experinienls, from 1842 to 1S40, in wliieli the 
potential energ}^ of raised Aveights was spent in turning a ]jaddlo, 
which generatc^d heat b}- churning Avator in a a^(‘ss( 4, and observing 
the rise of terniJcu’aturis that the quantity of lu^at produced by the 
friction b(‘tAV'een tln^ medal paddh^s and wati^r is ahvays ])r(jf)ortional 
to the mechanical eiKU'gy (expended. Th(‘ nii‘an result was that 
772 ft. -lb. of work g(‘nerat(‘d lu'at (enough to raise thi; tiUTiporature 
of 1 lb. wcught of Avater !'■' F. on thi^ nierein y llunanometer, between 
55° and 00° F. Joule conclud(*d that 772 ft Jb was equivalent to 
1 B.Th.lJ. 

Experiments by (‘leetrutal luxating, basi'd on thi^ value of the 
Biitish Association unit of eh'ctrical resistance, gave the ri^^lt 
J = 782*5, Avhiidi did not agreii AAnth the vahn^ of J obtained from 
the friction of fluids. 8o, in 1878, Jouki made another series of 
experinu'iits. Tlie mdhod adoided was to nwolve a paddle in a 
calorimetc^r containing wat(M‘, and suspendiHi from a bearing on the 
vertical axis of rotation, and to nu'asure the hi ‘at produced. 

The friction bi'tAveen the vAatia*, drivcui by the ])addlc^, and the 
walls of the calorim(‘U‘r produ(‘ed a turning mom(‘nt. The work 
done, W, measured by tlu' laoduct of the liftial Aveights w, to k(x;p 
the calorimeter from turning, 'IttR the cfTeetive circumference of the 
groove around tlu^ calormu'ter, and n thi^ nuinb(‘r of revolutions of 
the paddle, was W ~ 'IttHhw. Tlie I'l'sult, redue.ed to tlu^ sea level 
at OreenAAueh, becomes 773*49 ft. Jb., equivalent to 1 B.Th.lJ. for 
the temperature 00° to 61° F. on the mercifi*y in glass thermometer . 
Taking weights in vacuo, J -- 772*55 ft. -lb. When afterwards 
reduced to the scale of an air thermometer standardizird by Professor 
H. A. RoA\Iand, at Baltimore, and for latitude 45°,* brought the 
value J up to about 770,ft. Jb. i)er B.Tli.XJ. at 00° F. 

* Joule's Scientific Papers, Vol. T, p. 149. 
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In 1879 Rowland repeated Joule’s experiment on a larger scale. 
The calorimeter was suspended by a torsion wire ; the water was 
cTinrned in a spiral direction by curved paddles with jjerforations 
to rodut^c^ the jerky resistance, the vertical spindle passing through 
the bottom of tin* calorimeter Ixung driv(‘n from a steam engine. 
Th(^ work was measured by the Irjetion balance method employed 
l)y Joule, by the. moment of resistance necessary to* prevent the 
calorimeter from turning owing to the friction of the water while 
th(' paddle was rotab^d. 

Rowland discovered that the capacity for heat of water diminishes 
as the temperature risers from 0° to about 30° C. ov(‘r the range of 
temperature 5° to 35“ C. found the B.Th.lJ. equivalent to 
776-8 ft. -lb., or the kilo-calorie equivalent to 426-2 kilogram-metres 
in latitude 45“ at 20° G. on the air thermometer ; and the gram- 
calorie eq\iival(‘nt to 4-18 joul(*s. This irbsolute value of J also 
dept‘nds,on th(‘ scak' of temperatui-e, whether on the hydrogcMi, 
nitrogcMi, or mercury in glass thermom<*ter. 

Joul(‘ also incasur(‘d the heatimj effect of the. electric current, and 
found that the heat gemmated in an electric conductor is propor- 
tional to th(‘. worlv d(jn(\ II', by tlu^ ekK*troinotive force or differeiic(i 
of potential at its ttn'ininals, e, volts, in passing a givim quantity of 
coulombs of ele(!tri(dty through the conductor, iv = eg -- ect= cht ; 
or thc! work in joules done by a steady (dectric curremt of c amperes 
in t seconds, in heating a conductor of r ohms resistance (‘quals eVk 

Sin(ie tlu‘ mean gramme caloric is equivakmt to 4-1868 joules, it 
follows that- th(‘ tliermal equivakmt of tlu* work done by a stead}" 
current of c ampcT(\s flowing through a rt‘sistanc(^ of r ohms, 
gemtTab's in t S(*conds, 

hexit in qrannue calories — 0-239 c^rt, or 0*239-- .t . (11) 

Prof lessor R. H. Griffiths adopted this method of heating water in 
a calorinu‘t(U’ b}' passing an electric current* through a thin platinum 
wire, coat(‘d with arnlx'r varnish, immcrsi'd in the water and having 
its ends ke])t at a constant difTerenet^ of ])otential by a battery of 
G‘lark cells. Tlu* rise of kiinpiTature was mcasurc'd by means of a 
platinum thc^Tinonu^tiu’ standardizi*d by the air thermometer, and 
compared, und(u* the same conditions as Avhen used, with the 
nitrogen scale of tin* Bureau International, wluai tlu‘. reading was 
found correct. 

The .value of J deduced from the electric standards used, sub- 
sequcmtly corrected for- an error in thi^ electromotive force of th(‘ 
Clark standard cell, was 4-187 joules = the gramme calorie at 20° C. 

Griffiths also confirmed Rowland’s result that the capacity for 
heat cif watfir decreases as the tempcTatun^ rises, o\'er the range 
14° to 26° C. 

* Phil. Tran^i., Vol. 184 (1893) ; ibid, (1895). 

4— (S434) 
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Callendar and Barnes* hoatod a continuous steady stream of 
watey flowing through a lino tube by passing an electric current 
through a control wire. The difTerem^e of temperature between thv!) 
inlet and outlet water was given by a single reading of a pair of 
differential platinum the rmomi' tors. The flow-tube and thermometer 
pockets at c^acli cud were sealed in a vacuum jacket to reduce loss of 
heat. The \^;ilt('^ jacket, around ‘the vacuum jacket of the calori- 
meter, was kept at any desired temperature. 

The capacity for hcuit of watc‘r, measured by this method, showji 
in Fig. 20, agrcKis closely with the values found by Bowland, The 
result for the mechanical equivalent of the mean gramme calorie in 
absolute (C.G.S.) units btfl.we('n 0° and 100“ C. is 4-18G8 joules ; and 



Fia. 2U. c:\rAciTY von IIlat ot Water, ((^aeleku \ ii and Paiinks). 


th(‘ mean pound calorie (()" to lOO"" (J.) is 1,400 ft.-lb. TJk^ corre- 
sponding value for the nu'clianical (‘quivalent ot mean British 

Thermal unit is 1400 X or 777-78 ft -lb. (London), and tliai of 

th(‘ kilo-calorie — 426-7 kilogiam-inetn-s. a 

By using J, th(*. numerical equivalence* of mt'clianical and heat 
energy, th(^ heat obtaiiK'd by th(^ combustion of a fuel may be 
expressed tath(‘r in thermal units or foot-pounds ; while*, the work 
done by a fluid on the piston in an engim*. cylinder may be calculated 
in the equivakuit heat units. For (*xample, wluai working at the 
rate of om* I.li.P. for one honi, a heat (mgine converts 


33,000 X J)0 
778 


- 2545 B.Th.U., or 1414(J.H.U. 


into work on tin*, piston. Hence, tlu^ amount of lu^at 2,545 H.Th.U 
or 1,414 C.H.U., is the thermal equivalent of one H.P. hour. The 
engincjcr also uses one kilo-watt-hour, equivalent to 3,412 B.TK.U. or 
1,896 C.H.U. 

Conservation of Energy. Thus 'En ergy, which means the capacity 
for doing work, may be changed from one kind into another ; and, 
in any transformation of energy, as for instance, from inechiknical 


* B. A. Reports, J897 ajul a899. 


rhil. Trans., 


1902, pp. 58 2f);L 


also 
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rnergy to (*lecliical onorgy or this into heat energy, a quantity of 
or\V' form of energy disappears and is convcTted into another kind, 
exactly equivalent. The function of a heat engine to do mechan- 
ical work with the h'ast possible, expenditure* of h(*at. The ratio 
of the quantity of lu‘at converted into work in the cylinder to the 
total heat supplied to an engim^ is called tin* absolute thermal 
efficiency of th(^ engine. 

In a complete cycle of operations, by th(* princij)le of the Cv3N- 
sERVATioN OY Enerc^y, wlum the working fluid in any heat engine 
returns to the initial state, 

Heat taken in Heat rejected + Work done by the substance. 

The internal energy* E, oi a fluid may be defined as the quantity 
of energy in the fluid in a giv(*n state ; that is, its value depends 
(jiily on the slatt* of the fluic] and not on how the fluid has reached 
that state. There* is no m(*ans of measui'iug the stock of intrinsic 
or int(*rnal energy which a fluid contains in A’irtue of its pressure, 
volume, ti*mp(‘ratur(‘, and state. Only cluinges of the whole internal 
en(Tgy c'an Ik^ m(*asur(*(l wh(*n th(^ substance* receives h(‘at, does 
work, or giv(*s out heat. Internal (ni(*rgy is usually expressed in 
thermal units p<*r unit weight, and, of coui’se*, cannot be calculated 
absolute!}’, but must be m(*asurcd from an arbitrary zero. Eor 
instance, tin* int(*rnal (*nergy of steam is g(*nerally reckoned as 
Z(*i‘o wh(*n tin* fluid is in the* state of liipiid water at 0° C. under 
its own vapour prc'ssure. 

If the working substance* takes in heat without doing work, its 
stock of internal eiK'rgy incj‘eas(^s ; on the*- other hand, if the sub- 
stance does work without r(*e(‘iving heat, it do(‘.s the work at the 
(*3fp ense of its own stock of heat energy, vhich is r(duc(*d by an 
amount (‘quival(*nt to the work dom^. 

The produ(‘t pr has a definite A^alm^ for any state of a fluid, and 
is therefore a function of tin* state. It may be d(*fined as the 
work dom^ in ft -lb. per lb liy forcing unit vvt*ight of volume 
V cub. ft. into a cylimk'r against a constant pressure p lb. per sq. ft. 
To convert this into thermal units avc must divide by J . Hence, if 

we use th(* symbol A for - tlu; cjuantity becomes Ajw heat units. 

u 

When heat is n^ceived by the substancx^ while it is doing external 
work, We hav(^, 

Ileabsupplied ~ Increase of internal energy + External work done. 

By this energy equation, the change of internal energy, due to 
any change of statt*, can bo measured. The working substance or 
fluid is the vehicle by which the heat passes through the engine. 
The ffuid has capacity for taking in heat at a high temperature, 
and by^hanges of pressure and volume work is done by it and the 
temperature low'^ered. 
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The total heat, H, of a fluid is defined hy C^alleiidar as the sum 
E It is generally measured in thermal units per pound, 

and is an important function of thci stat-e of a fluid. (See ]ip. 4S 
and 177.) 

It should be noticed that, by this definition, the total lu'.at of a 
liquid at 0° C, is not zero, but equal to where Po is the vapour 

pressure in lb. per sq.ft, at O'" C.'; and is the specific volume of 
the liquid at 0° C., and pressures Water at 0° C. has a vapour 
])rossurc of 0*0892 lb. per sq. in., and a spc^cific volume of 0*01 002 
cub. ft. ])er lb. Hence, the total heai< of water at 0" C. is 

H,^E,-{- A. =- 0 + X 00892 x 001G02 

-- 0 000147 O.H.U. 


This quantity is negligible and gcuKu-ally ru'glectcHl in practice ; 
thus Callendar* assumes that tlu^ total heat of \^at(T is zero'at 0“ Ci., 
and is 100 at 100'" (I 

For carbonic acid this quantity is about 1 and for 

ammonia much sinalfiu* at 0 ' (t 

Total Energry oi a Fluid. In some modern aiqfiications of tlau-mo- 
dynamics, the kinetic (‘luu’gv of a fluid is an im])ortant factor. 

IJ2 f 

The kinedic (mergy ixu’ lb. weight, of a body is — ft. -lb., wh(*rc 


U = velocity in feet per se(*ond and tj is th(^ accc^leiation due to 
gravity in feet p(‘r second per second. 

Therefore the total energy per jaiund of a fluid is 


E + Apv -f A . — lu^at units. 


Equation of Steady Flow of a Fluid. Tmagiiu^ an enclosure 
through which a fluid is passing Avith a slmdy flow : that is, the mass 
entering per second, which is equal to th(‘ mass leaving per second, 
remains constant. Let the fluid as it (niters have specific volume, 
V( 3 locity, pressure, and intermil eiKU'gy (‘(jual to Fj, ?/j, and E^ ; 
also as it leaves tlui enclosure, E^ respectively. 

Now siqipose a turbine or ht‘at appliance within this (uiclosure 
that will do an amount of work, IF, for (‘Vtny lb. weight of fluid 
passhig thnjugh it ; also, let an amount of h(‘at, Q, be lost to the 
enclosure and extcanal bodu^s pvr pound of fluid passing through. 

Now the work done on each iJound of the fluid by that behind 
it in passing into the enclosure is pp)^, while; the work done by the 
fluid on that in fremt of it in passing out is 2 h'^ 2 - 

By the conservation of (mergy, the difference bctw(^en these 
quantities, together with th(; changes in intcTiial and kinetic energy, 

* Some authoritiew call wliaR/ is here defiuetl as total lieat the tot^^ ei:^rgy, 
and denote it by tlie letter 1 instead of H, 
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between entry and exit must be equal to the work done by the 
j^pliance and the heal energy lost to the enclosure'. That is/ 

f (El - Ej) f A = AW + Q, 

or, {A 2 )^v, t- El) - + A A Q, 

— “ j W H- Q. 

This r(‘lation is very useful wluui dealing with the steam turbine 
aud various ap]jlianc(‘s in ]wactical thermodynamic's 

Throttling.- In the ease of steady flow of a fluid through a 
throttles valvt' or reducing valve, the total eiu'rgy in Ju^at units per 
jiound iu th(‘ initial state b(‘for(' entiuing the valve is 

E\ + )- 

and, after throttling, 

h A'j>2f''2 ^ 2 “ 

By th(^ eons(‘rvation of energy, the small diffen'iice between the 
‘total en('rg;y of (*a( h ])ound of fluid imtering and leaving the valve is 
the sum of thc^ loss of lujat to (‘xternal bodies and thc^ extcu’iial work 
done, and must b(^ at th(‘ exjiense of its stock of internal emTgy. 

When the valv(‘ nnu'cly n‘duc‘es the pressure without external 
work being doin', assuming neitlu'r gain nor loss of heat to th(5 
valve or (‘xternal bodic'S, and th(‘ vi'Ioeity of flow so small that the 
ej^inge in kinetic ('iiergy is nc'gligible, as in the porous plug c^xperi- 
ments by Jonh' and Thomson (p. (>0), then it follows that the 
total heat reninvns constant. 

Bc'fore entc'i'ing the valve, th(i work doin' on one pound of the 
fluid by thc^ jm'ssure behind it is pit'j ; when tln^ flow has become 
steady after throttling, ('aeh ))oun(l <lo('S work, upon the 

fluid in front of it. Any difh'renct^ in th('- work done must reduce 
the stock of internal ('in'igy, and 

A ~ ^ E^ ~ 

that is, 1 H- App\ 

Ih = /A- 

Thus, the tokil hexit q( a fluid doe^ not change in a throttling process^ 
as in a porous plug, exyiansion valve of a refrigerating machine, or 
in a reducing valve, during the ideal process. 

Tremsfer g/ Heat at (Constant Pressure. Let a quantity of heat, Q, 
be given to or taken away from one ]:)ound of a fluid at constant 
pre^ure p, the internal energy of the fluifl changmg from E^ to E^, 
while .the voluraci changes from to v^. 
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Then, by the first law of thermodynamics. 

Heat supplied *= increase of internal energy external work done c 
Q ^jvdE -I- 4: p . dv, whore p is constant 
= E^-Ei + Apfv^ - v^), 

' = ^2 + ^PV2 - (E'l + Apni) 

— II 2 - Hi, by definition of H. 

Kence, when heat is absorbed or rejected by a fluid at constant 
pressure, the (juantiiy of heat so transferred is equivalent to 

the changi‘, in the total heat of the 
fluid. 

Change of Total Heat during Adia- 
batic Expansion of a Fluid. (Heat- 
drop.) Let ah, Fig. 21 , represent the 
adiabatic expansion of unit Wf'ight of a 
fluid, from volume and pressure and 
2 )j to and 2hy when no htjat enters or 
leaves the fluid, while it does work at 
th('. (^xpc'nse of its own stock of internal 
eiKTgy. I 

By the energy equation from first 
law of th(‘rmoclynamies, for a small heat change, 

dQ - dE + A dv, 

but ill adiabatic expansion dQ — 0, and we hav(’! 
dK ~ ~ A . p . dv. 

Integrate, E^ - Ea—J^ dE A J^j) . dv, 

which is represented by the area abfe in work units, and is the 
difference bi^tween the internal energy of the fluid at a and b. 

Now, by definition, 

- II 2 =- LVh App\ - (^2 -f- ^7^2' 2 ) 

(^1 - 7 ^ 2 ) + A . ppf^ - AP 2 V 2 
= A y. (arcaa6/6) + (area du/eo) - ^4 (area cbfo) 

— ^ X area abed. 

This area represents the work done in admitting into the cylinder 
the volume of the fluid at pressure p^, expanding adiabatically to 
pressure p^ and volume V 2 , and then disehai;ging from the cylinder 
at pressuni p^. 

The same result may be obtained from the total heat equation, 

II — E A . pv, differentiate 
dH = dE A . pdv Av .dp 
But, as above, dE ~ ~ Ap , dv, 



Fi(4. 21. Adiahatk 

FxPAxNSJON 
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and, substituting this value of dE, gives 
• dH = - A , pdv + A , p . dv A . V . dp 

= A . V . dp, 

hence, integrating, 

H, - =f„'dH = *a£v . 6,2). 

This deoreasf^ in the total heat energy of the fluid during adiabatic 
(expansion is calked the adiabatic “ Heat Drop/’ and is represented 
by th(‘ work ar(ia ahed. Therefore, the thermal equivalent of the 
whole work done in the cylinder is measured by the adiabatic Heat 
Drop. 

By th(' Second Law of Thermodynamics only a fraction of the 
total heat tmergy supplied to an engine '^an be transformed into 
mechanical work done on the pistcui. If an ideal piM’fectly reversible 
Carnot lu^at ongiiu^ (jip. 94 and 9S) receives a quantity of heat, Q^, 
at a high absolute temperature, and rej(K;ts heat at an absolute 
temperature, Tg, tlie greatest fraction of the heat received that it 
can conv(^rt into work is given by tin relation, 

H(^at converted into work _ W 1\ -T., , ^ _ q (^i ~ 

Total heat su])plied ^ ' 

This general law is independent of the physical properties of the 
working substance, is bast'd upon reason, and follows from the fact 
of general experience' that heat cannot of itst'lf, without external 
agency, flow aiitomatically from a cold body to a warmer body. 

engine. WT^rking b(*tAve(‘n the same limits of tera]')eraturc can be 
more efficient than this, and ('very actual engine is found to be less 
effitient. 

The thermal eflicitmey of an actual heat imgine relative to that of 
the ideal perfect engine working on the same cycle of operations is 
called the Eficiency Ratio, or relative ('fficieney. 


Example 8. A ]ierfect reversible lioat engine, in wlncli tlie working sub- 
stance in the cylinder takes in tho whole of the heat at the (lonsfcant tem- 
perature Tj 227° C. -f 273 - 500° C. absolute, and rejects heat only at 
the temperature T, — 27° C. 4- 273 - 300° C. absolute, could not possibly 

have a higher thermal efQcieucy than ^ cent. 


In order to develop 10 we have 0*4 — 


10 X 33,000 
1400 


235-7 lb. calories (C.H.U.) per minute, then tho quantity of heat 

235*7 

supplied to»the engine must be = 589-25 C.H.U. per 

mimite^ The heat rejected at 27° C. is*589-25 ^ 235*7 = 353-55 
C.H.U. per minute, that is, the difference between the quantity 



46 '• APPLIED THERMODYNAMICS 

9 


of heat received and the heat equivalent of the work done per 
minute. ^ ^ 

Example 9. A steum engine requires SlOB.Tli.U. per minute per horse- 
fiowor, when working bet\\eeii tlie temperature limits of 380° F. and 125° F. 
What is the ratio of its tlicrnuil olTineney to that of an ideal engine working 
between the same temperature limits on the Carnot eyrie ? 

' {V.L., B.Sc. {Kng.).) 


1 ‘ f . • Heat converted into work , 

Thermal idhcicncv or steam engine — — ^ 

Total h(^at supplied 

EquivaU'iit of 1 K.P. minute 424i()B.Th.U. 

Thermal units takiMi in per mimitti 310 B.Th.U. 

=: OTIIOS, or ]3 ()S per cent. 


Temperatun^ limits are = 380"" + 400° E. — 840*^ F. absolute, 
and lower limit Tg — 125° + 400° F. — 585° F. qbsolute. 

Thermal cfliciency of an idi^al engines working on tlu’! (Jarnot 

T i - T g 840° -585 255 

' ^ 


cycle is " * = '^40™ ^ 


840 


01808 


Henc'c the relative edicienoy — ~ 0-4:5, or 45 per (^nt 


Answer. 


The actual porformanc t^ of any steam engines is usually compared* 
with that of an ideal engine working on the Ttankine ( yck^, in which 
the steam is supplied to the cylindiu' and r(‘j(H t(‘d to the condensi^r 
under corresponcling pre^ssurti and teunperature limits, and measured 
by the adiabatic heat-drop. 


Example 10. A trial of a honvy oil engine gnve tlio following daf u : Duration 
of test, 6 liours ; oil used, 1!)2 11). of ralorific valm* 18,000 B.Tli.lI./lb ; brake 
load, 535 lb., and average ])ull on sjiring balance at other end of ropes 45 IV)., 
at speed 210 r.fi.m. ; effective diameter of brake wheel, 08 in.; 90 
explosions or diagrams per minute of mean cffectiv^o jiressuro OOdi Ib./sq. in. ; 
diameter of engine cy linder, 1 4*75 in., and the lengtli of stroke, 24 in. ; cooling 
water cinailating through cylinder jacket, 451b. per minute, raised from UO' 
to 110" F. ; and wati^r through f‘xliaust ealorinader, 32 lb. per minute, raised 
90° F. Calculate: (a) the indicated and brake horse-power ; (5) the mechan- 
ical efficiency ; (c) mean frictional torque on tlie eiaiikshaft ; {d) oil con- 
sumption [)er brake horse-powder hour ; (c) thermal efficiency, and brake 
thermal efficiency ; (/) draw up a balance sheet showing the lieat^ distribution 
in the engine. 


(a) The effective area of piston is j 



170*9 sq. ill., and 


length of stroke 2 ft. ; here the indicated horse-power 
_ plan 96-6 x 170-9 x 2 x 90 _ 

^ 33,000 ’ 33^60 ’ 


* See “ Report of the Committee on the Thermal Efficiency tl4 Steam 
Engines,” Proc. liist.C.E., Vob 134, 278. 
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also not brake load = 535 - 45 lb. = 490 lb., and circumference of 

98' ' ^ ' 

blake wheel is tt X j^ft. • 

^ , 490 X 22 X 98 X 210 

■. Brake horse-power — — „ — - 80. 

^ 7 X 12 X 33,000 _ 

-• • Ansiver. 

80 fB B P ^ 

{h) Mechanical efiicienc.y — po (I H P ) ~ 

(c) And 90- 80, or 10 H.P. are required to ovi'rciome all the 
resistances in the (ngine at 2 ] 0 r.p.m. 

The corresponding frictional tonpic on tlu* crankshaft is 

T ^ '- 5 -^ 

0 ) 


and 


277 X 210 „ 

(f) — — 7 .,- ~ i7T ^ 22 radians per sec. 

()0 


Answer. 


192 


(r/) The oil us(‘d ])er hour is - -- 32 lb., and ])er brake horse- 


32 

power hour = -= 04 lb 

ol F ■- - ■ 


Answer. 


32 


(e) The oil us(‘d ])(‘r indicat(‘d hors(‘-povv(‘r hour -- — — 0-35b lb. 

mi 1 r.. • Heat equivabnt of 1 H.P. hour 

. . Thermal efhcieiu y -=, 74 - 1 r ^ r u x) 1 

Heat in od supplied per l.H.P. hour 

^ 2545B.Th.U. 

“ .3.W, X IsTklO B,Th u “■ I”'' 

Similarly the brain’* thermal efficicuicy 

-- -353, or 35*3 per cent. 

Answer. 


4 X 18,000 


(/) Th(x‘ balance sheet of the total h(‘at supplual to tlie engine in the 
oii per m inute is 
32 

X 18,000 " 9600 B.Th.U. == 100 per cent. 


Heat ronvoried into r. II .P. = !)() 42'12 li.Tli.IJ./inin. Percent 

-- 2S1S n.Th.u. - :j 9 -s 

Heat converted into \iseful work on brake -- 80 X 42-42 B.Tli.T.I.y min. 

- 3394 B.Th.U. -- 35-3 per cent. 

Heat taken away in jacket water — 45(110° - 00°) B.Th.U. /mm. 

2250 B.Th.U. 23-4 

Heat taken awny 111 t^xhanst gases - 32 X 90° B.Tli.U./mm. 

• • -- 2880 B.Th.U. - 30 0 

Heat lost by radiation and nnnceounted for (by i^iifterence) ~ 6'8 


1000 
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Mechanical Losses in a Gas Engine. Professor B. Hopkinson"" 

measured tho tjiermal and mechanical efficiency of a Crossloy gas 
engine of cylinder diameter 11-5 in. by 21 in. stroke, intended to 
give a maximum of 40 b.h.p. when firing a charge every cycle, and 
running at 180 revolutions, that is, giving an explosion stroke every 
two revolutions of the crankshaft, or 90 explosions pc^r minute. 

The power lost in friction of the mechanism was also estimated. , 

The engine was run with an average? load, which was applied by^ 
rope brakes, one all round each flywhee?!, and as t?ach tiist only 
lasted a few minutes, it was unn(?cessary to have the wheels water- 
cooled . 

While careful observations were taken of the? brak(‘ load, the dead 
weight and the spring balance — three photographs of indicator 
diagrams were takem with the optical indicator, (?ach covering about 
a dozen explosions. At Ihc same time th(? number of explosions 
per minute w(?re noted, and tin? speed k(‘pt constant by the governor 
at 180 r.p.m. 

In the measurement of gas consumption the supply to a small 
standard gas-holder was cut off, so that the engine took gas only 
from the holdi'r, and tin? quantity takim in a definite? number of 
suctions w as observed by th(‘ numlxT of divisions on the calibration 
scale in the change of k‘V(‘l of th(‘ gas-holder. The heating value 
of the gas was tested during th(‘ expiu'iinents. 

The diagrams taken with the Ho])kinson optieal indicator were 
remarkably uniform and mad(‘ om? tint' line eairvc (the diagram is 
shown in Fig. 80, p. 202) for many consecutive (‘xplosions at this 
load and speed. Th(‘ mean effective prcs.surc (JVl.E.P.), jKi of the 
diagram, was Jtieasurcd from the negative on the j)]at(? by means^of 
a planimeter. 


The effective area of tin? ])iston — 0-7854(1 1-5)^ = 103-9 

^21 7 

sq. in., and the length of stroke J ft. ~ j- j ft., so that the work 
done by the gases on the piston during one explosion eych? is 


X 103-9 X 


7 

4 


181-825^^ft.-lb., 


and at one explosion per minute the horse-power is 


181-825 

33,000 


•Pm == 0-00551 


When the (?ngin(? is running at 180 r.p.m., and firing 90 times per 
minute', the indicat(?d horse-power is 

0*00551 X 90p^ - 0*4959 

t 

* Proc. Inst. Mech. Eng., October, 1907. 
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In one test the average number of explosions per minute was 
7g-3, and the mean effective pressure by the indicator diagrams 
was = 100-3 lb. per sq. in., giving the indicateft power 

0 00551 X 72-3 x 100-3 = 39-95 h.p. 


The useful power on the brake •wheels is 


33,000 


that is, 


tile effective circumference^ of ('ac^h brake wheel in feet multiplied by 
the number of Revolutions [H‘r minute of the crankshaft, and by the 
net load, or differeii(!e between the d(‘ad winght and pull on the 
spring balance. 

Tabulate the results obtaim^d from threes experiments with the 
oxitical indicator and brake, when the spiked was 180 r.p.m. — 


Watpr-jjickot 

peratiin^. 

140" F.(Cr)"C.) 

• 

](50"F. (7r(\) 


I'kv plu- 
vious por 
Minub'. 

M.Fi.l*. from 

J )iii£rnun 

1 f). ]>or Hfj. in. 

1 lu lioa- 
lod K.i\ 

Jb-ak(^ 

Jl.l». 

MocluiJi- 

joal Loss 

n.p. 

72- 

100-3 

30-0 

34-0 

5-9 

72-8 

90-4 

40-4 

31-1) 

5-8 

741 

00-0 

1 4u-4 

34-9 

5-5 


Gas por 
suction 
cub. feet. 


0-11 91) 
(M182 
0-1164 


Th(‘ mean of tlu^ three (‘xperiments is 34-5 B.H.P., and 40-2 I.H.P. 


which giv(^s the mechanical elhciimcy, 


34-5 

40-2 


X 100 == 85-8 per cent. 


Thermal Efficiency. Tlu^ avcrag(‘ numbiT of ('xplosions was 73-4 
per minute, and for each charge 0-118 cmb. ft. of coal gas was taken 
in^iaving a lower calorific value 570 B.Th.U. per cub. ft. 

The available heat siq)plied to tin? engine in the coal gas per 
minvte was — 


iJ.Th.U. Prr cent 

73-4 X O-IIS X 570 - 4937 100 


ludioatod work - 40-2 X 

778 

1705-1 - 

34-5 

Work nil t lio brake 

1463-3 : 

29-G 

Tvr 1 11 r ^ -‘^-‘14100 

Mooluinioal loss -- 5-7 X 

778 

- 241-8 =- 

4-9 


The mechanical loss = 40-2 - 34-5 = 5-7 H.P., which becomes less 
as the temperature of the water jacket rises. This led to further 
investigation. 

After the tests, the brakes wore taken off and the engine run 
withoTjt loac^, the flow of the jacket water being reduced to prevent 
the engine from cooling rapidly. Indicator diagrams wore at once 
taket^, fjtc explosions noted on the averag’l*., 12-65 per min., and the 
gas consumption 0-1252 cub. ft. per suction stroke. The mean 
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pressure by the indicator diagrams was 105-5 lb. per sq. in., giving 
the indicated power 


0-00551 X 12-65 X 105-5 - 7-35 H.P., 


or 7-35-5-7 = 1-65H.P. more than the difference between the 
indicated and brakes ])uw(‘r in th(^ full load tests. Had the engine 
been firing (‘very cycle at full loaTi^ instead of about 4 out of (wery 5 


cycles, this diffcu’ence Avould Jiave been iii(‘r(‘as(‘(l in the rati( 


*4 


!)0 

. X 1-65 - 2-02 H P. 

73-4 \ 

\ 

In the idle cycl(‘S, without load, only air is admitti'd to th(i \ 
engine cylinder, and the back ])ressure on the* jiiston driving the 
air out during exhaust is much greaku- than after an explosion, 
because in tlie lattiT, at n-lcNise, avIkui tlu- (‘xliaust valvi* opens, 
gases und(‘r high pr(‘ssure in lli(‘ cyliiuk-r rush down the* (‘xhaust 
pipe, so that Ihmx^ is lilth^ or no back pressure on tlui [liston during 
exhaust. Bi^skh's thi-re is loss of heat during the compn^ssion of 
air which is not all n'covercd during (-xiiansion, with the r(*,sult 
that thercj is a n(‘gativ(^ loo]) on tin* comprt‘ssi(m and (‘X])ansion 
shown by the light sfiring diagrams, and the extra ])ower laken to 
compress the air at light load, ^^h(‘n no gas w'as tak(‘n in, increas(\s 
the negative work to about 3-5 11 P. at lS0r.]).m. That is, the 
power takem to run th(‘ cngiiu^ wilhout had is ov(‘r 2 H.L^. mor(‘ 
than the mi'clianical losses at normal load. This in(*rease of fluid 
])umping losses nearly balances tlu^ d(‘creasi‘ in piston friction 
when running light. 

In ord(*r to inv(‘st igate or estimak^ this jiowei' loss in the ])umpkig 
strokes, i (‘ during exhaust and suction of the air, indc-pendimtly of 
the optical indicator and brake, the gas engine was driven at 
ISOr.pm., without load and without allownng it to take gas, by 
an electro-motor, and the power requircnl was measured (dectrically. 

During one test the engine wvas closial as usual, and in the otlu-r 
the exhaust vaha- cover was removial, tlui cylind(‘r being open to 
the air, so that then^ w^is no loss by conqiression. 

Assuming the loss in tlu^ driving belt from the motor to the engin(‘, 
about 0-5 H.P., the same in th(; two cases, the difference in the 
powder absorbed should be (*qual to the pow(‘r absorbed in the 
pumping strokes, th(‘ w^akr jacked- b(*ing about F. (82° C.) in 
both eases. 

On the 24th and 25th August, the k\sts gavn the following results — 




Tl.P. 

Kfigmc (jlu.sHd 

7-72 

7-1 

opened . 

414 

3-7f 

Difference 

3-58 

3-33 
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The average difference, 3-45 H.P., as coiii])an‘(l with 3-5 H P., esti- 
mated from the indicator diagrams, gives tolerably close agreement. 

'Next, the temperature of the watcu* jacket was Varied, and the 
(mgine again motorc^d round with the? exhaust valve cover taken 
off, and the pumping losses me^asured by the electrical power taken 
to drive the engine running light at 180 r.p.m. — 

-• t H.P. 

Absorbed. 


Engine liot (about E., 82"' C^) normal Inbricjit ion 4*0 

Engine oold E., 2E (’.) normal lubrication (>-5 

Engine cold (70° E.) cx(‘ess of oil . . . .4-7 

Engine cold (71)" E.) water injected into cylinder . 2-7 


Kiu(^ the frictional loss(‘S of the engiru* vary considerably with 
the tcin]3erature, and :n(‘ n^ducc^d by the in jc'ctioTi of waten-. 

A si^paraie detmaninatiim of frictional loss was also made with the 
piston and conn(‘cting rod removed ; the loss would then include 
the fri(ition of th(‘ main Ix^arings, skUvshaft, valve gear, and driving 
belt at 180 r.p.m., and was found to bt^ 1-4 H.P. 

Deducting this 1-4 H.P. from the total power absorbed gives the 
])owcr lost in friction of the piston and crank-])in ; the piston 
friction alon(^. bc'ing aff(H.t(‘d by the change's in the cylinder tem- 
])eraturc and lubrication. The normal value of the H.Ih alisorbi'd 
du(' to piston friction with the jacki^t watc^r at 82° (.1. was 

4 - 1 4 - 2 G H.P. 

Other t(‘sts, under varying conditions, with a jacket teinpiTature 
of 82° to 85° C., gave the mcchanuail loss about 5 H.P., determined 
by the optical indicator and brakt‘, and fully half of this total 
nnu'hanical loss is spent in piston friction. 

Professor Hojddnson found that, under normal working con- 
ditions, at the best jacket t(‘ni])('rature 82° C., with the brake 
3GH.P,, this engine indicatt'd 41 H.P. when running at 180 r.p.m., 
or jiiston sliced G30 ft. jn'i* min., and the mechanical losses were — 



H.P. 

Pumping lo.ss 

10 :M per r ent T.H.} 

I‘istnn friction 

2-0 _ (M 

Other friiaioii, valve litting, etc. 

M 2-7 

'J\>ttd jnecluuiiciil loss 

5-0 12-2 


from which the mi‘.chani(*al efficiency was 87*8 per cent. 

The motoring test, under nearly actual running conditions, 
a])pears to afl’orcl one' of fhe best methods of checking the mechanical 
(drudency and of determining the iluid pumping losses. 

With rise of cylinder lemperatvre the viscosity of the lubricating 
oil is rSduceef, and so also is the piston friction, but the volumetric 
efficiency is n^duced, so that the weight i)f charge taken into the 
cylinSer Ts reduced, and with it the indicated horse-power ; yet the 
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reduction in piston friction may more than counterbalance the 
decK5ase of indicated horse-power, so that the brake horse-power 
rises slightly. • 

EXAMPLES II 

1. A potrol eiifrinc, of cylinder diaincier 3-6 in. and 4 in. atr.oke, gives 600 
explosions or cycles per minute. Tlv> meun indicator diagram (k’lg. 2, p. 7) 
has an area Po sq. in. and length 3 in. ; the scale of t he indi(;ator sjjring is 
1/200. Estimate the average indicated horso-jiower of the engine. 

2. In a brake test the dmnu'tc'r ol the brake wheel fitted on the crankshafts 

is 24 in., ami that of tlie rope, around the wlieel, i in. ; the vortical pulls on 
spring balances at the ends of the brake ro]io are 24 lb., and 3 lb. when the 
speed is 1,200 r.p.m. Tlie mean effective })Tessure on the piston, 801b. ])er 
sq. in. during each cycle at GOO explosions jht minute. Tlie cylinder is 4 in. 
in diameter and 4 in. stroke. Oalciilati': (a) the indicated and brake liorse 
power ; (6) the power spent in engine friction ; and (c) the mechanical 

efficiency. 

3. A four-cylinder [letrol engine at a certain sjieed develofis B.H.P. 

When firing is stoyijied in one cylinder, and the engine made to run under the 
same conditions as to speed, etc., fhe brake horsc'-yiowcr is Ncglecfing 

yiumping losses and assuming that the indicated horse-yiower dovelojied in 
each cylinder is the same, find tla^ ap]irc>ximal(‘ indicated horse-power of fhe 
engine. Tests on a four-cylinder pi'frol (aigiiie undiu' tho conditions indicated 
abov’e gave the following results : B H.P. with four cylindeis firing, 14-7 ; 
li.H.F. with tliree cylinders firing, 10-0. h'md the aiqiroximate indicated 
liorse-power of tho engine and its mechanical enicienc\ . f 

( 1023.) 

4. A test of an oil engine, during one Ao?// , gave the iollowing data : Effective 
circumference of brake wheel and rojie, lT25tt. ; load on brake rojie around 
tho wheel, 48 lb., and the pull on the spring balance at the* other end of rofie, 
41b. ; mean speed, 35U r.]).m. ; oil liiel us(‘d, 2*81 lb. of calonfii* \'aliie 18,400 
B.Tli.U. per lb. ; mean indicated liorse-pov er, 6-5 ; jacket cooling water, 
252 lb. raised t)2‘4'^ F. Calculate*: (a) the brake hnise-pov\ er ; (b) inec banical 
officioricy ; (c) the tlieriiial elheiency ; and (i/) gi\'o the percentage of heat 
energy of the fuel — (1) converted into u.sefiil niechanicnl energy at tlic entfik- 
ahaft, (2) S|»cnt in engine friction, and (3) given to tlie jacket cooling water. 

5 A test of an oil engine gave the following lignres; l)et(*rrnine from tlieni 
tlie five items of the licat balance, and draw uj) thi* balance in tabular form. 
Duration of trial, ,30 min. ; oil used, 0-7 lb. ; calorific value ot oil, 18,000 
B.Tli.U./lb. ; jacket water, 7251b.,- rise of teinjauatiire of water, 70° F. ; 
total revolutions, G,10(); brake load, .314 1b. at 2-5 ft. from shaft centre; 
mean ellective pressure, 82 Ih./m.® ; tliameter of evlinder, 12 in., and stroke 
18 in. {A\M.lnst.C.E., 1923.) 

6. A gas (ULgine, working on tJio constant volume cyolo (Fig. 2, p, 7) lias 

clearance () 2n cub. ft., and the volume swejit by ])iston, T25 cuh. ft. ; com- 
pression curve is yi -yi-'o constant, and expansion curve constant. At the 
hogmning of the comyire.ssion stioke the charge is at 14 lb. jier sq. in., absolute 
firessuro. Wiiile making 110 exyilosions per minute of maxiinuin pressure 
4001b. yicr sq. in., tho engine uses 12-5 cub. ft. of gas having calorific value 
400 B.Th.U. per cuVi. ft. Calculate: (a) tlie pressure at end of tlie com- 
pression and expansion strokes ; (h) the net- w'ork done per cycle ; (c) tlie mean 
effective jiressiire and indicated horse -power ; and (d) tlio thermal efficiency 
of tho engine. {National Dijdoma of Inst. Mech. Eng. ^ 1922.) 

7. T’hc following results were obtained from a test on a tank oAgine : •I.H.P., 
187-0; IkH.P., l()2-9 ; fuel used per brake horse-power hour, 0’5641b. ; 
calorific value of fuel used, 10,350 C.Tb.TT. pier lb. ; heat carriedpawiy by 
circulating water, 232,500 C.Th.U. per hour. Determine: (a) the thermal 
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efficiency (measured on the I.H.P.) ; (6) the rnochanical efficieiu^y ; and (c) the 
heat lost in exhaust and radiation per minute. 

1024.)' 

• 

8. The following particulars were ohtained from a trial of a four-stroke 
cycile oil engine : Duration of trial, 40 min. ; oil used, 9-77 Ih. ; total revolu- 
tions, 8142; total combustion cycles, 4071 ; jacket water, 738 1b. ; rise of 
temperature of jacket water, 74"" K. ; mean effective pressure in cylinder, 
901b. per sq.m.; torque duo to brakt^load, 780 lb. -ft. ; calorific value of 
lib. oil fuel, 17,000 11. Til. U.’s ; area of piston, ll3sq. in.; stroke, 18Jin. 
Find (a) the mdicatotl and brake, horse-powers ; (h) the oil used jicr liour per 
I.II.P. andporll.H.lk ; (r) tl le heat converted into indicated work per minute ; 
[d) the heat rejected by the jacket water per rnimitc ; (c) the heat lost by 
friction, exhaust gase.?, etc., per minute. 

( U.L., B.Sc. [Eng.).) 

9. Tho following rosult.s wore olitaiiuHl from a te.st on an oil engine : 
I.H.P., 167 ; B.Fi.P., 142 ; fuel per H.H P. hour, 0-457 lb. of calorilic value 
10,000 C.H.U. per lb. Calculate (n) lh(‘ indicatcu thermal efficiency, (5) tho 
bralu'. thermal officienev, and (r) tlie nu-idiameal (dlic:iency. 

(A.M. hif^t.Mcrh.E., 1925.) 

IJ). Wliat IS meant by tin* pumping hors(‘-i>ower ” of an internal combus- 
tion engine ? A gas engine, Bin. piston diameter and 13 in. stroke, when 
running at 250 r.p.m., gave iiulieator diagrama showing mean (effective 
jire.ssures in lb. [ler sq. in. ; firing cycle- —jiositivi' loop 85, negative loo]i 5; 
dead eyele- — -negatividoo]) 9-5. Find (a) th(‘ i rid ional liorse-pow^er of the engine 
if, wlu'Ti running without brala^ load, there are 31 explosions per minute; 
(?i) the 1 11. P. (from posiliv'e loop), and (c) the mechanical efficiency. 

dl. (/alculate the diameter and stroke of a gas engine which can develop 
25 brake horse-pow(‘r at 300 r.ji.rn , as.Miimiiig a nu'clianieal efficiency of 80 per 
cent, a mean effective pnsssun* of 8511?. aq. in., and a ratio of stroke to 
diameter of I f). B Sc. (Eng.)^ 1924.) 



CHAPTKIi in 

rROPKKTCES ORi.OAS AND VAPOril 

The working substance in lieat (‘ngincs is a fluid, usually in the statd 
of vapour, and so-called gas, which may b(^ ri‘gardcd as highly 
heated vapour. When a vapour is heaicHl abovc^ a C(utain bunpora- 
ture it becomes a gas, which cannot b(^ li(|U(^fi(‘d by pressure until 
it is cooled below a c(‘riain temperatim', which is called tlu^ critical 
temperature for that substance. Nitrogen, oxygen, and t^veii 
hydrogen arc really vapours far above lluur critical tem])eratures 
at ordinary atmospheric conditions. l^\)r instanc(‘, tlu^ critical 
temperature of hydrogen is -241°(k b(‘low tlie frcM^ zing* point of 
water, and the iiK'lting i)()int of solid hydrogcui, under atmospheric 
pressure, is about -- 258^ C Uiuhu* tlu^ same conditions air boils 
below - 194" C. 

By temperature is meanl the degrt^c* of liolucss or intensity of 
heat in a bod}', and is that pro])erty in virtue of whicili hc^t tends 
to flow from a warm body to a colder (me. 

Measunmients ot bmiixTature an^ bas(‘d on some of its effects 
on substances — 

(1) In th(‘ ordinary therinonudcir tlu* projxnty made us(‘ of is the 

expansion of mercury C)r otlmr lifjuid tuu'losi'd in a line glass tube 
of uniform bore, and the bunjUTalure is indicatcid by tluuise of the 
column of mercury. Th(‘ indications depimd on tlu^ diffenuKJe of 
the expansion of the liquid and that of the glass. ^ 

(2) In th(‘ gas thermometer the incr(‘as(‘ of volume of air or gas 
when heated and k(q)t at constant atmosplun'ic ])n‘.ssure is about 
20 times that of mercury f(jr the same (ihange of tejni)erature, 
and furnishes an accurate sc.ale of temperature as a standard of 
references over a very wide, range. 

(3) The platinum thermometer'^ has been made a standard of 
reference for work of jin^cision by ('alkmdar and (JrilTiths, and 
mcasur(‘s temperature by the variation of th(‘ el('‘ctrical resistance 
of pure annealed platinum win*, and is suitable for direct use at 
very high temperatures, | as WiA\ as at (jxtnuiii'ly low ones. A special 
advantage secured by this thermometer is the clos(^ agreement of 
the thermodynamical scale with the ])latinnm scale of bmiperature, 
as given by th(‘, expression p^ — l()0(r - r,,) - (r^ - r^), in which p^ 
denotes platinum temperature Oentigradi^ and r, r^, and are the 
observed electrical resistance's of the thc'vmometer ^wire ^t th(i 

* Phil Trans., K.S. 1887, 4). 161 ; 1891 and 1893. 

t Heycoc'k and Novillo, Journal oj Chem. Soc., Feb., 1895. EMrkA* and 
C}iaj)pins, Phil Trans., 1900. Chroo, Proc. JlS., 1900. 
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UMn})t*ralui-cs jii, 100^, and 0" rt'spt^clivoly Tho c*hanj;e of resis- 
tanct‘ of tlio ])latiiuiin 4.honnoin(d(‘r win' bidwi'on 100"' (! and 0^ C., 
Ty - r,), is oalli'd Ww fmida mania} iniarral of tho tlirruionudor, and is 
taki'ii as 100° C., so tliat on lh(‘ platininn ti^npiTatiin' scali^ a rise 
of 1°C. at any t(‘ni])eratur( would iiu roasc tin* ('k'l trk al n'sistance 
of the ])latiniiin win^ liy one dmndndth of tla* ditlercaici' between its 
resistam i' at 100° and 0' 0. Tiic' ■fiMluelion to tlic^ seaii' of Ihe j^as 
tluTinonietiM' is (dh^eted by the parabolie fliffaranre fotinufa 

i -r>^(/-l00) 10- 1 

(4) A thaDno-alarirk coifpla is (‘oinpos“d of llu* juiulion of two 
differt'iit nudals, as a jiKM-e <4 east iron with wron^lit iron wire 
insertc'd, and h'adin^ to a cold juinlion to eoinplidi* lht‘ (‘h'Ctrie 
einant at tJie otlna’ taid A junetion may also l)i‘ iornu'd by simply 
twisting togidlua* at oik (aid a liiu wire of jain^ platinum and another 
wire of yiatinuni eontaining 10 per ecait of rliodiurn or iridium 
eonnt'eting tluan wMU a dtaul-biail D'Arsoiival gal^'anometer or 
suitabU' voltnudia', and ins(‘rting llu‘ otlen' pair of (aids in iiK'lting 
ie(‘. On h(*ating this th(a'mo'eou])l(‘ hy dip])ing tlu' junetion in 
UK'lting nu'tals. a small (4e('t roniotu e fore(‘ is giana'afed, winch is 
(ilotted against the known fixtal temperatun's, and a ealibration 
eurv(' obtained giving the ndation of el(*etroniotiv(‘ forca* to t(an- 
|K'ratur(‘. TlKai th(‘ junetion nia\ b(‘ (‘Xjiosed to hot gases and 
iluar tianjKa'ature nuaisunal T1 k‘ platinum-indium eonjih^ gives 
about n tiiiK's th(‘ eka troinotive force* of tlu* rhodium alloy, but 
th(‘ indium volatilizc's ab(\\(‘ 1000 (!,. \\h(‘n the platinum-i’hodiuni 
allo\ should lx* us(m 1 . uhil-' for tie- high(‘st t ('injxa’at urc's a eoujik* 
of tiingsti*!! and tantalum nun Ixmisid. 

I'h e ehit'f us'* of the th(‘rmo-(‘l(‘etri(‘ eoujili* is for measming ver\ 
high and k)V\’ tf'iupc'ratures or dilh'iaaua* of t(‘mi)ca-at ures : and it has 
jiroved s])eeially suitabk* in th* d<‘termination of tlu* e\elieal Nuria- 
tion of t'‘m]x\'atiir(* at any particular jminf or depth in the eylind(*r 
walls during tin* working of th(‘ stiaun engine.* and in the cylinder 
of the gas or jx^ti'ol engiiu‘.t (See jip, .424 and ,‘k‘)7 ) 

(5) Lord Ki'hiii d(‘vis(‘d a tharmodynamk -srrde of temperature 
which IS ind(‘})(‘nd(‘nt of tlu* pliysieal ])ro[)(*rties of ain substance, 
and is dedu(*ed from tlu* fact that tuo temperatun's on this absolute 
seak* an* to oni* anotlu*r in the same* ratio as the* (piantili(*s of heat 
tak(*n in and n*jeet(‘d by a p 'rlVet rev(*rsibk' h(*at i*ngine Avhieh 
works bt‘tw(*(*n tlu* lnglu*r and lowi'i* of thesi* teiujx'raturt's (p. 1011). 

In the mercury thermonu'ter, the* glass, after Ix'ing h(*att‘d, does 
not cpiitc^ ndurn to its onginal volume at once wlu'ii cook'd, so that 
tlu* Z(‘To point is altered during the slow and gradual shrinkage of 
the glass. 

In (_)i»k‘r to*form a scak*, the two definite^ ti'inperatures s(‘leeted as 

* C/alleri(li\r and Nn*olsnii, l*n>c. Itist. C.Fj.j \^1. (’XXX,!, p. 1. 

t (\fkorffiid Seoble, Vri>c. Inst. C.F., Vol. p I. 

5 -(srj4) 
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fixed 'points care the temperature of uicdtirig ie.e and the tempcu-ature- 
of !?teani as it escapes from pure wattu* boiling under standard 
atmospheric pijssur(\ On the Centigrade sccalt‘, the boiling point 
is marked 100° and the freezing point 0° C., while these tem- 
peratures on the Fcahreiiheit scale arc 212° and 32° F. 

The rcange of ttmipia-atun*. between th(‘se fixed points is divided 
into equal parts called degrt^es, by compaTison with stcandard instru- 
ments ; 100° on the Centigrade scale and 212° - 32° or 180° fF. 
Hence to nalucM' fVoin one scal(‘ to tlu^ other, if readings of the saipo 

C F — 32 

temperaturi' an* denoted by C and F, we have ^ Th 

C=^(F- 32), and F -- 1 -8 6’ + 32 . \ 

The merciir}^ in glass th(‘rmoiiiett‘r is [lortabhi and convenient^ 
for ordinary jiurposcs, wht^rc^ strict accuracy is not required. 
Although a tempiTatun' cannot be didcaaniiK'd in this w^ay with 
very great accuracy, without si^vca’al cornaAions, differences of tem- 
pteraiurcs may be measured with more* prcM-ision 

It is essential for accuracy in indications that- merc ury or other 
liquid thermom(‘t(Ts should bo standardized, that is, calibrated for 
corrections at all ])oiiits on tlicar scale l)y comparison with a standard 
instrument undcu* the* same conditions as when in use. | 

The gas ilierinonicier is a delicate^ pk^-e of apparatus n^quiring 
careful manipulation, and is not suitablc‘ for ordinary work. PiTfi‘ctly 
dry air, hydrogcai and nitrogcni expand ncairly the same traction of 
their volume at 0° C. for a given rise of tompc^raturcs if the jiressure 
is kept constant, and are usc^d to measure tcanperature in two ways : 
(a) by change* of volume; while* the; jiressurc* of the gas is kept 
constant, and (/>) by change of prc'ssurc* while; the volume is kept 
constant 

The scale* of temperature of the* hydrogeui thermometer is the 
standard adopt(‘d beloAv 10(1° C., and that of nitroge;n at higher 
temperatures. 

Professor H, L. Calleuidar has, by various inv(*stigations, deduced 
the correction or deviation of the scale re*ading on the gas ther- 
mometer* from that of the; absolute; the*rmodynainie; scale, based 
on the ‘‘ cooling effect ” obs(‘rved by Joule and Thomson in their 
jiorous plug (*xporim(‘nt. A few values of the* correction found for 
hydrogen are given, to slioAV the degree of accuracy — 

Temperature, C. - 200 ' - 1(T 40'" to 50"' 200'^ lOOO'" 

Constant Volume I 0-0311 0-00021 0-0004 0-0023() 0-0438 

Constant Pressure 0-201 0-00075 O-00132 0 0008 0-1040 

At the fix(*d points, 0° and 100° C., the readings agree, and the 
greatest differeiict; betwa;on the fixed points is at 40° to 50° C. 

* Tbermodynamical CJoyection of tho Cas Tliermomet-er,” by Professor 
H. l.r. CalU-Tuinr, 7Vor. Phy.s. Soc. {Jjondnti) Vol, XV'III, May, JOlii, ppi. 282- 
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Even at th(^ extremely low tiMiiperature - 250" 0., t lic' corrc^ction of 
the constant volumii hydrogen scale is only 0 1 005" C. 

Callendar takes the absolute, zero of ieinpcralure^ll'^-V C. below 
the freezing ])oint, and for his stt^ain tabl(\s th(‘ I'xaet values of 
absohit(‘ t(an})erature, 

T U C. + 273-1 oTj^th(‘ (\mtigrade scale, 
and T --- f E. 450-5S on the Falinuiheii scal(\ 

In ordinary calculations, exei-])! for tables, the* jiuinbc-rs 273 ajid 
460 may be used, as within lli(‘ limits of accuracy of all practical 
observations. 

Boyle’s Law. Boyle diseovei(‘d by experimcjit that if the terti- 
peratiire of a given quantity of any gas is ke 2 )t constaut, during a 
change.* of ])ressure and volume, the voliinu*, varies inversely as 
pressure, p, of the gas, or pv — a constant, vdiich is rt‘prt‘scnted by a 
n^ctangular liyj)erbola and calU-d nn isotliernml curve. 

Law of Charles. If the pressure b(^ kept constant, the ])iTmanent 
gases expand n(‘arly tin* sana* fraction of th(*ir volume at 0" C. for 
a giv(*n incr(jas(! of temperature. The, results of exj)eriments show 
that hydrogen and otlu'r ])ernian('nt gas(\s, wlien lu‘])t at constant 

pressure, (‘X])and nearly of th(*ir voliina* at 0" V for every 1" C. 

rise of temperature, tludr ^olulne at 32‘ F. for every 1" F. 

rise of tempcu’ature. For <‘xample, at constant pressure, 273 cub. in. 
of gas at 0" 0. became 273 + 1 cub. m. at 1" (\ 273 -[■ 2 cub. in. at 
2° C., and 273 i cub in. at ^ (■ Thus at U C. the* volume at 
constant pressure becomes 

/ 1 \ 273 1 t 

>'t ---- *'(iy -f 273 'j - '■« 273 ’ 

V, 273 -{-t T 
'273" To’ 

'Fhe equation becomes ^ a constant. 

Also, at constant pressure, when tin* same quantity of gas is cooled 
1° C. below the freezing })oint to - i" C., the volume becomes 
273 - 1 cub. in., and at -2"C. the volume is reduced to 273 -2 
cub. in. ; and the^ volunui w'ould become notliing at - 273" C. if the 
law could be held to apply down to tin* lowest possible temperature. 

Before this tempeiature AAOuld be ri'ached any actual gas would 
become a vapour, change its physical state t-o a liquid, and then 
become frozdh to a solid. By the equation, if the temperature be 
reckoned from this absolute zero, the volume of a gas, heated at 
constant ^pressure, is proportional to the temperature reckoned 
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from absolute zero Now if the ])i\'ssiire be chaiigi'd from to 
/>, and the gas obeys Boyle’s law, it follows that 


pv'_T_ l>v_i>„r„ 

t/' T T, 


a eonstant (R) 


and we have 


' pv --- w . RT, or Y = w . R . . . . (1) 

the characteristic equation of the relations Ixd ween ])ressur(‘, volui 
and absolute tenij)C‘rature for ?r Ib. w(‘ight of a gas, wh(‘r(‘ 

p — absolute' pressure in pounds per squaic' fo )t. 
r voluiiK' in ('ubie bad, 

R— a eonstant 


depending on the* ])artK‘idar gas and Avlic tlier the* absolute tem- 
perature, T, is express(‘d on the ( entigrade' or Faliremhcit seale 
At V and standard atnios]»h('i ie* ])ressnr(‘ of 14-7 lb pcT sq. in., 
or 2,110 lb. pan’ sep ft , tlu' weight e)f <lr}/ <in' is O-OSOT lb. [len* ' ub. ft , 

hence the veilume ed 1 lb. weight is e)r I2 ;tid eub.it. 

During expansion nnele'r absejliite* })re*ssnre' of 2.110 lb^])e'r sq. ft. 
the increase in volume' wlie'n the' te'iniH'iatun' is raised is 

12-391 

- ^"ub. ft., anel the* ('xternal wea-k elone in eive're-oming the 


constant prt'ssiire is 
p(r„~ r’l) 


21 Hi > l2-3i»l 
273 


IHifl. II). - A'. 


in the* (‘({nation 


pr 

r 


- R. 


Also in the' Peninei Fahn'iiheit syste-in. 


pv 2110 / 12 :391 

R p 4^2 


r)3-2ft.-ib 


pt*r lb. wa'ight of air (nearly). 

In the medric system, Ke'gnault fe)unel that I e ub. nie*tre‘ e)f dry 
air at 0° C and atmosiihe-ric pre-ssare- e)f 1 ()3271) kg. pe'r sep cm., or 
10.3274 kg. {XT sq. me'tre*, we-iglu'd 1-2028 kg. 

Hence the \olume of 1 kg ejf dry air -- "735 eub nudre, 


and the increase in volume for the* rise of te-nijicratun* 0° C. to C., 
if the air were a {)erfe‘(!t gas, would be. '^cub. me'tre'. The work 


done by th(5 air during e'xiiansion against- (emstant atmospheric 

103274 X -77.35' ; 

pressure while' being w^imie'd is R — — 20-25 kg.- 

metres ])er kileigramme. i w. *. 
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To chook this r(\su]t, jnultiply 29-25 by ;T2S0S5, the feet in a 
metro, gives the vahu' of R in ft.-Ib. per lb. - or 96, nearly. 

In the case of hydrogen, the specific voIiuik^, at 0° and atmospheric 
])rcssijre of 2,116 lb. ]K‘r sq. ft., is 17S S (‘ub. ft. ])er lb. 

n ^ 13S,>fl -lb. iH'r lb. (noitrlv). 

The ideal perfect (jrs follows Hoyh-'s la^^' aiid satisfies the chara(*- 
ti'ristic equation (‘xactly. No a.etnal gas doc s, but hydrogen prob- 
ably comes nearest to it, since lh(‘ d(‘viation is v('ry small over a 
widi' range of teirqxwatun* (p. 5(»). 

Joule’s Law. The Internal Energy of o (jlnv quant iUf of gas 
depends only on its temperature, and is pracUcallg independent of its 
pressure and rot inn e. 

Joule first invt'stigated the assumption that practically no internal 
work is (K)nc, and no ap])r(-cin))h* (piantity of heat ejuu’gy is absorbed 



IXeANsioN oi (i\s 


by a gas dui’ing free expansion into \ acuum. Avithout doing external 
\Aork. To do this, two eopp(U’ vessc-l.s of ccjual cajiaeity Avere eon- 
n(‘ct-('d by a short tub(' Avith sto])-valve. Oiu- of them. .4, Fig. 22, 
was tilkid with dry air com|)ressed to about 21 atmosjihen^s, and the 
othc^r, B, was (‘xhausted Both \(-s.s(4s av(T(- imuK-rsed in a bath 
eonlaining 16.1 lb of wat('r, A^'hich was stirn-d and its steady tem- 


])erature taken b\ a sensitive t lu-rnionieter n ading to ^ degree 


Kahr, llu' stop-valvt- at C was optuied by int'ans of a key and the 
(H)m])resst‘d air allowed to pass from .4 into the empty vessel B 
until equilibrium Avas establislual. Tin- Avati-r Avas again stirred, 
and no change of temperaturt' could be d( teeti^d liy the thermometer. 

In order to analyse •this result, Jonh' inverted tlu* vessels and 
irnnuM’si'd them, as well as the connecting [)i]i(' and stoyi-valve, C, 
each in a separate bath, Fig. 2J. 

AftPr opefiing the stop-valve to allou tlu^ eompn'ssed air in A to 
expand into th(^ (‘xhausted vi^ssel B, as litfore, the Avater was again 
stirif'd jfhd a di’oy) of temfHwatun' Avas observed 4n >4, while that 
around B and C Avas raised to the same* amount, shoAving that the 
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luiat absorbed by part of the air as it rushed put of A was given up 
to B and C ; bpt, on the whole, there was neither gain nor loss of 
heat by the air, th(' lieat lost by A being compensated by that 
gained by B and C. It follows that ju) internal work is done by a 
gas during fre^o expansion ; or in a perfect gas the molecules are so 
far apart, C(;)mpared with their c.sizc*, that there is no appreciable 
attraction betwetm thcmi, consequently no internal work has to be 
done to separate the inolecnh's. 

Joule and Thomson (Lord Kelvin) found in later experimentsV 
that the 01*111). w(‘ight of air in Joulc^’s ex|)eriment, under 21 
atmospheres expanding to 10-5 atmosj)hc‘res, without doing work 
during free or unresisted expansion r(‘quired only O-OOIl heat units 
to make up for th(' total internal (*,ooling elfeet. This quantity of ' 
heat taken from 10 ^) lb. of watcT, 2S lb. of copper and 7 1b. of 
tinned iron. Avould |)rodu(*(‘ a dro]) of tt'inpc^ratun' of only 0 0011'^ 0. 

Litth' wonder they nunarked that no appn'ciable (‘xtcTiiai thermal 
efTe(‘t was obsfTved, and that similar expe rinu^nts afterwards mad(* 
by Rcgnault should have led only to th(‘ same nc^gativc' conclusion. 

By taking fhe heat from the atr itHctf the drop of temperaturi'. was 
2-8° C., that is, 9(K) timers the thermomctric effect in the earlier 
experiments. 

In the porous plug experiments of Joule and Thomson this 
extremely sensitivity m(*tbod vv’as dt'vised (»f dett^eting th(‘ deviations 
of actual gases from the* jd(‘al p('rh‘et state, whidi has led to far- 
reaching rt'sults 

It VMis prowd that vvlien th(‘r(‘ is jnol(‘Cular attraction or any 
trace of friction amongst the ])articl(‘s of actual gast‘s, nu-re (‘X])an- 
sion, without doing work, product's cooling or rciluction of the stqck 
of intcTual (*nergy (‘(juivalcnt to they intia'nal vv^ork dom^ in over- 
coming th(' molecular forces or friction. 

A stt'ady continuous stnam of gas sujiplk'd at constant pnyssun* 
and temperatuny is forced through a ])orous iilug, or small orifice, 
from vviiich it issu(‘s at a lovN'(*r ])r(‘ssur(y. vvhiu'c its temperatun* is 
observ('d. C-an‘ is taken to pn'vent (‘xtiyrnal loss or gain of h(iat 
by the ])lug or orifice*, and th(' walls of tlu* pijic an* non-conductors. 
The issuing jc't has kinetic energy of (‘ddus which (juickly subside*, 
being ( orm*rtcd into h(*at hy fluid friction. 

Su])])ose in flu* pi])e th(*re is a diajihragm with a small orifice, 
Considf*!’ a short U'ligth of the stri'am at cross-sections A and B 
on (*ach side of flu* orilice, but not close to it. At A, ajiproaching 
th(y orifici* the inti*rnal ('nt*rgy ])('r 11). of fluid is Aj, and /q, the 
pressuny and volumey, and at />, E.^, and respectively. At A 
the gas forc(‘d forward by the* ])r(yssure yq, with ve locity zq, escapes 
through th(‘ orilicc, and puslu's the* <ras m front witli f):-(*ssur<* jijj af 

* .foulo and Tfioinson ‘ Vficnnal KHcct.s <»f Fluids in Joule's 

Scientific J^aprrs, Vol. Jl, pj). 210 .‘{02; nr IdioTriHfin (Lord Keylvin) I^apers 
Vol. k p. 33;L 
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V(^lcK‘ity beyond the region of the rapids ” or eddies which 
subsides at some distance from the orifice. These are,gr(‘atly n^duced 
by the porous plug device. 

In the case of sti'^adv flow th(5 t-iunperature may he higher or 
lower at R.than that u])strcam at A, dt‘pending on the nature of 
tlie fiuid. The df^cnsist^ of eiuTg^^ E^~E., must be equal to the 
work dom^ by the fiuid. Now the work done by tlu^ gas pt^T pound 
on the jjortion in frcjiit at B \9> while at A, 'p{v^ is tlie work 
done on the gas by the slrc'am behind it. Tlu^eforc, 

^ Pi'h - ri>h< 

that is, /t/, -| 2)i'\ ^ t- 1 > 2 >' 2 - 
a eonstant at any two s(H‘tions of tli(^ 
stream. wJiich is dc*fiur‘d as tlui Total 
H(^at (//) of i]i(‘ gas (see p. 42). 

8u])pok<‘ the product has not 

ehangf^d and is (‘qua! to 
E^ - /vo, and if the internal energy 
depends only on tlie tcm])(Tatur(\ then 
the temperatun* will b(‘ tlu‘ same at A 
and B. Hcmce, if the t.emp(‘rature be 
found constant, th(‘ gas obeys Bo34e’s 
law and Joule’s law, — E^, even 
tlumgh tlu^ pr('ssui’(‘ and volume vary ; 

(a.)ns(‘quently the* int(‘rnal (‘lUTgy must 
be a function of tin* temperatun' only. 

This is only strictly tMie of the ideal 
perfect gas, hut if llu' tmiperatun^ 
changi's, tluai E must vary with p and Vm. 2L roTioes Tnuc; 

V’, as wi‘11 as with b‘in])iM*atuiv. 

Joule and Thomson had a ])ump driven by an engine to force 
dri(‘d air or other gas in a traiupiil stream through a long spiral of 
co])])er pij)i’ immersed in a bath of water, whicdi was constantly 
stiired and kept at a uniform tcmipcrature. A brass cylinder, 
aa, Fig. 24, was si'ciinnl to th(‘ flange on the upper end of the 
cojipor i)ip(\ to which a boxwood nozzle, bb, T5in. diameter, was 
scri'Wed, and in this a iilug of cotton wool Avas slightly compressed 
btdwoen tAVo perforated brass plates resting on ledges 2-72 in. apart. 
A short piece of boxw'ood, rc, Avas screwed above the top of the 
upper plate to hold it si'curely. A tin can, dd, screwxAd on the brass 
cylinder, aa, also tilh'd Avith cotton wool, prevented heat from the 
bath passing to the boxAA\)od nozzle. 

When the sto])-valAO Avas optuied to allow the stream of com- 
pressol air ®r gas up through the jilug, fluctuations of temperature 
Avere observed, due to th(^ sudden cool^ig effect and changes of 
temperafture at the nozzle, as wtdl as to expansion' and compression 
in the 'long coil of coppiu* pipe in the bath. Aftm* about, an hour or 
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two, a steady condition of heat-flow allowed temperatures to he 
noted on sensitiye thermometers, on(‘ in the bath and th(‘ other the 
same' distance above th(' observed tlirough the glass tube ee ; 

also the 1 )ii‘Ssur‘ gai]g(' \Aas ()bs'erv(‘d, e\i'ry two minutes, and the 
mean valiums rt'cordc d. 

The (‘xperiments show('d thahvfor ])rc‘ssur(‘s from 1 to 6 atmo- 
spheres, hydrogen, nitrogen, oxygen, common dry air, and carbonic 
acid pass('d toAvards, tlirougli, and from tlu' [)orous i)hig in a trampill 
stream, almost AAithout cliange of t(miperaturr, carbonic acid much 
less so than any of tlu‘ others, liiaiee thc‘ infertuiee that absolutel 
temperature' is apjiroximate'ly pro]M)rtional to tlu' volume of these 
fluids 'IdK' Joule-Tliomson coohiiq cjjf rt is fh'linc'd as th*' ratio of ' 
drop of t(‘m])(Tatur(‘ to drop of ])re‘ssur(' betwi'cn the. two sides of 
the plug For dry air it Avas at 17 F , nearly O-OlTtF (\ for '‘ach 
])ound ])('!’ S((uarc inch ditfere'nce' of pressure', and de'cn'asi'd at 
91-0" C to 0014 (\, ()!■ about a (juartei' f)f a de'gn'i' Vor (*a(4i 
atmos]Aher(' drtip in pn'ssun'. 

In tlu' cast' of ('O.^, tht' cooling ellVct u'as O-lhSTl (' jier lb. on tht* 
squart' inch differeiKt' of ])ressur(' at 12 S C Avhili' at it 

Avas rt'duct'd to 0-0474 ( ' (^dlt'iidar finds that a cur\'e for the 
mean correett'd rt'sults for carbonic acid gas giA t's 0-0944^ per lb 
pressure at 0 (', anti 0 0421' (\ j)cr lb at 100 (\ At hight'r 
tempt'rat urcs t hcs(* gas^-s a])proximatt' mort' n(‘arl\ to Boyl(‘*s law: 
and tlu' rt'sults shoAved that ///t roofing fjp'f't tet/.s- proportional to thr 
difference of prt s.sa/T on the tiro side.s of the jiorons phig, and varied 
inven^ely as ihr s(piare of fh( ah^olntf tenijieratn re for dnj air and 
carhonic arid. 

For air. tht' tlrttp of tt'uijx'raturc (( 'entigradt') is t 

^2711 

0 27r>(/»,-y^d 

' 1 

AA’hert' the prcssui'r is in atmtisphcns l'7)r carbonic acid, tht' 
constant in this cx])rt'ssion is I*,‘5SS. 

In th(' cas(' t)f hytlrogcn there ANas a heating effect which agret's 
with th(' H'sults of Amagat's t xperimt'iits that tht' ])rofluct jir 
increases with the ])ressur(', Asht'rcas lor caibonic acid anti air, pv 
decreases nt'arly uniformly and tht' cur\'t' has a stt'i']) slope dtiAvn- 
AA’ards to a minimum near tht' critical t(‘m|)t'rat urt', Avht'rt' il bt'comt's 
vertical. 

Kt'lvin also tlctlucctl frtmi tht' cooling cfTt'ct a mt‘tht)tl of comparing 
the absoluti' tht'rmotiynamic scalt' of tt'iujAt'rat urc Avith that of tht* 
gas tht'rmtiincti'r Taking the work t'tpii valent t)f tlii^ ht'at rt't(iiirt'tl 
tt) cf)mf)f'nsat(' t)r nt'utrali/t' tin* cf)t)ling t'lTcct, and Jl'gnault’s 
measurt'int'nts t)f the s])t‘cific heat at constant jirt'ssurt* anti the 
coellicients of t'xpansion bt'tvvt't'n 0" and 100' ('., Kt'lv/n conMudt s 
that the alisolutt' t('m]K*nfiure of mt'lting ice is 273 J ' ( '.,*^or for 

* Article on “ Heat,” Ercjf. Jim. ; mIs(j Kclvjn's Mfithenintirnl and I*hffsi('ut 
Pnjwrs, Vo* J, p. 
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every 100 units of heat eonverted into work })y a perfect thermo- 
dynamic engine, 373- 1 are taken from the source, an^i 273-1 rejected 
to the r(‘frigorator, if the tcmiperature of llie- source b(‘ that at 
which st(\am of watcn- has a ])r(\ssure of 1 atmospheres and the 
temperature of the refrigerator that at which ice m(dts.'' 

The cooling efT('(‘t lias hccui thowmghly invi'stigatcd^aiul a|)plied 
by C^allcndar in the (h'bnmiination of tins propcrtic's of st(‘am and 
oth(^r vapours at low and moderate pr(\ssures c-ommon in [)ractico. 
He pointed out that th(‘ cooling effect indicates a. (“orresponding 
variation of specific lu-at with jn-essun- by the rc-lalions betwenm 
specific lu-at, (-ooling cfTc(‘t, and variation of th<‘ total lu-at of gases. 

This Joiilc'-Thomson cooling cdh-ct, or small drop m the tem- 
peratures of compressed air and A^apours csscaping through a. fine 
orifice, as in a throttling ojic-ration, through a valve without gain 
or loss of lu-at, is most important in apjilic-d tlu-rmodynainic-s. 

Professlir Ijindc- took advantage- of it in a rfjjencrati ih. process 
which accumulates the- cooling elh-ct, Avith an irilerchfinf/er, and air 
puni]) for the ]n-oduction of (-xtre-me cold b(-low the critical tem- 
peratun- of air - ltd ' (I., and lu-arly to absc^lnte zc-ro (see p. ISb). 

Obviously, floulc-'s law only holds strictly for the- ideal jicric-et 
gas, the de viation for the- pi-rmanc-nt gast-s is so small as to be 
negligible-, (-xcc-])! in the ease- of va])onrs n'-ar tlu-ir c-ritical tem- 


perature's. 

Properties of a Vapour, As dc-hned above*, any fluid in a state* abovt^ 
its critical temperature is known as a. gas, which cannot be changed 
into the liciuid state- by any jnessure, however gre-at Below' its 
critical tc-inpc-raturc- the- same- fluid is a vapour, Avhich may h?. 
liquefied by ]m‘ssur(* at constant tc-mpc'i'aturc 

Dalton obs(-rv(-d that, for a giAc-n volume and ti‘m])erature, the 
pressure of a mixture- of gas and Aaqiour is ve-rv ne-arly e qual to the 
sum of the- jire-ssure-s whic h each constituent wmilrl e-xe-rt if it alone 
cx'cupicd the- sjiacc-. This law is only true within certain limits fc>r 
the va])ours of liepiids which have- no clu-mical action on e'ac'h other, 
but whe-n the- vajiours mutually dissolve- each either, the total 
jiressure* is alAV'ays le-ss than the sum of the- vapour pressures acting 
s(‘|)arate'ly. IVofc-ssor T. Andrews shoAva-d by e xperime-nt that in a 
mixture* of two ordinary gasc-s, carbonic ac id and nitrogen, Dalton’s 
law is de-viated from at high pre-ssure-s, and only holds true Avhen 
thegax's are* in the stale of a peM’fe-ct gas, far above their temperatures 
of liejuefaction. 

Sujipose a c-loscd ve-ss.-l, of A'olume r c ub. ft., contains only dry 
fiir, 1C lb. Aveight at temperature absolute, by the charac- 


teristic equat^m, the- pre-ssurc in jiounds ])er square foot is p 


96icT 

V 


If a small quantity of water be adde-d, ittwill evaporate until the 
•dr is^atiTrated Avith dr>' water vapour. The^ cpiantity of vapour 
I’cquircd' to saturate' the given volume dept-nds only on the 
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teinpnraturc T° C. (kept constant), and is \ery nearly the same as 
would be takcv if th(* air were not present. At that temperature 
the corresponding? pressure, of the water vapour is found from 
steam tables. Then, by Dalton’s law, the actual total pressure, 
as measured in the v(‘ss('l, is the sum of the partial 'pressures, p + p^, 
which th(^ ajr and v^ater vapour^would (^xert separately. 

The air presc^nt does not ap])reciably altt^r the quantity of wat^r 
vapour which tlu^ vcss(4 v ill hold at 0., so long as the pressure 
is not too high. \ 

In casi‘ all thr‘ Av ater is in tlu^ states of va])our, and thii air saturated 
with the vapour, Ukmi by increase of temperature the sU'ain is said 
to be superheated. On the other hand, by cooling the*, mixture'^ 
below the saturation or dew point ai/ const int pr(\ssure, part of the 
vapour condens('s as mist or ex(‘eedingly small drops on the cold 
walls of th(' containing V(\ss(‘l. If the surface is below tlu' freezing 
point, as that of pip(‘s through Avhich the cold brine cirt'ulates in 
refrig(‘ration, the water va])our in lh(‘ air forms a coating of line 
particles of ice or frost/ on tlu' cold pip(\s. 

When coal gas at a givcui tiunjxMatiire and pressure is saturatc^d 
with the vapour of volatile' liquid hydrocarbons, the gas cannot 
retain any more of that va[)our, and fall in lempt'rature (|r increase 
of pn'ssure causes some^ of th(‘ vapour to coiuh'iisc' Hence^ the 
trouble in cold weather when jiart of the* heav}" hydrocarbon 
vapour, earri( d by (‘nriclu'd (‘oal gas, condensi's and is deposited 
in th(5 distributing and hous(‘ supfdy pi])es (‘xjiosed to cold air, 
thereby reducing the heating value of the gas. 

A dry saturated vapour Ircgins to cond(MiS(‘ wIkui it is cook'd, or 
when its volume is n'duced at constant tompi^raturi' and jiressi^t' ; 
it is then said to b(‘ wet The W(‘t portion of thc^ vapour may be 
dried by ( vaporation during isoth(‘rmal ex])ansi(ui at constant 
pressure, taking in its latimt ht'at of (evaporation ; or, again, the 
saturated vapour may be gradually reduced to tlu* liquid state by 
isothermal eomprc'ssion at constant yiressure, giving out its latent 
heat. The dryness fraction of tlur mixtnn' is the fra(*tion of the 
whole mixture of vapour and liquid that is in tlu*. state of vapour. 
A dry saturated vapour, vlu'ii heab*d apart from its li([uid, is said 
to b(^ superheated . 

Th(* isotlu'rmal hiu's in Fig, 25 were plotted by Professor Thomas 
Andrt'Ms from tlu* ri*sults of his experiments* on the Ixdiaviour of 
(carbon dioxkk*- (CX).,), known as carbonic acid. The CO 2 “ gas ” 
was compn'sscd ovv*r nu ‘rcury in a capillary glass tube, carefully 
ealibrat(*d. Another sijiiilar tulx*, ])lac(‘d Ix'sidi^ it and connected 
with it, contairu d dry air, whi(‘h actc'd as a j)r(*ssur(‘ gauge. Both 
tubes w(*rc kept at any (k'sired tcm])eraturc in a bath, ;jnd the 
|)ressure alt(*r(‘d by a scr^'vv^ plunger. 

Starting with dry at i), keejiing the temperature coi.stant 
*. Vh}}. TnuiH. ] S(»9, part II , p. 575; ibid. part 11. 
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at 13-1° C., the volunie is gradually reduced by compression to 
49 atmospheres at the point A, Avhen the vapour i!% saturated, and 
with a slight incroase of pressures condensation b(‘gins. The pressure 
remaiins practically constant as the volume is reduci‘-d and the 
vapour condensed from A to B. Only a slight increase of pressure 
is requir('d to convert all the vapour into liquid at B, IJy increasing 



the pressure ii]) to 95 atinos])lier(‘s the volume of lli(‘ liquid is only 
slightly r(‘duc(Hl fi’om B to C. 

At the constant tempe^rature 21-5'^ C. a similar isothtTnial, DEFG, 
is obtained. The pressure is gradually increased from D to 61 
atmosphere's at E, the saturation pri'ssure of the vapour, when a 
sharp, clearly marked change is observed to the liquid state, and 
condensation continues at constant pressure as tlui volume is 
reduced from E to F uiit?il all the mixture becomes liquid. 

Starting from A, at 31-1" C., the compression curve shows that 
the volume diminishes regularly until a pressure of about 73 
atmospheres ^’s reached. Th(^ volume is then reduced very rapidly 
to about one-half, as seen by the points of inflection in the isothtrmal, 
whiloHhe*prossure is increased steadily to 75 atmospheres, and there 
if^ no evidence of (condensation or separation of liquid in. the tube, 
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the spac('. being then occuph^d by a hoiiiogt'ru ous fluid. '' No 
apparent liqut'faef ion of CO,, or separation, into two distinct forms 
of matter could be (^ffc'eted, ovtm when a prossun^ of 300 or 400 
atmospheres was apxditHl.” The isotluu-nial for 35-5” C. is similar, 
but th(‘ inflection by ehang(‘ in volunK* is l(\ss abru])t 

l^urther, jf th(‘ ('O, gas is liccfi'cd above 31° (t and ke})t under a 
pressure, say, of 80 atmos])heres, and subsequently cooled below 
31° C. at this constant [)ressure, the substanee remains homogeuieous. 
but is gradually converted into lli(‘ li(pH(l stal(‘ wifhout any abruya 
change or brevach of continuity ot state. \ 

When th(‘ })ressur(‘ of th(‘ lupiid is runlueed whiles cooling at\ 
constant volume, say to tlu' stab' point. t\ tlu' vapour begins to\ 
form, and ('vaporatiou etmtiniies during isothermal (‘X[)ansion at 
constant prc'ssure. FK, until all the liquicl bt'eonu\s saturated vapour 
at E. Then, if th(‘ privssun^ is gradually r('due(‘d, isothermal 
expansion of the vap«)ur takes phut* as shown by lh(‘ curve El). 

Similar isolhernials may lx* Ir.iec'd Ix'lovv the Critical Point, P. 
As the tem])erature is raiscxl, th(‘ pairs of state* })oints .4, B. and 
E. F\ ('le , come closer tog(‘th(‘r, forming two continuous curve's, 
showing the' saturatiem ])oints of vapour anel the* he|uiel line, whi(;h 
merge into one* boundary curve with rounele'el teip at tlfc' Critical 
Temperature and Critical Pressure. The' stale* le) the* le'ft e)f the^ 
boundary line PFB is wholly liepiid, that to the* right ot the*, dry 
saturation line PEA is supe'rhe'atexl \apemr. anel the* re*gion be*twexm 
the curves a mixture* e)f liquiel anel va])e)nr. 

In the same* way, amnieinia (NH.J, sul[)hur die)xi(le* (SO^,), and 
other vaiiours bi'le)W the'ir ei’itieal t 'nqK‘rature*s e*an be* easily 
changed to the* liquid state* by ceimpre ssion anel e*oe)ling. Agfin, 
when the* pressure is re*elueeel, the se* liepiieis re'aelily evaporate and 
take in the*ir late*nt he*at e)f e‘\ aporaliem fre)m the'ir surrenmdings 
This jiro])ertv is e-einimemly use*el tor ri-frige'ratie)!! piirpeise's. 

Professor l)c*war femnel by e*x])e*rime'nt that in a mixture* of 
carbonic acid with benzeiL the* COjj hepie'lied at IS C. unele'r a 
pressure eif 2o atme)S])he*re*s ; anel on re*elue‘ing the* pre'ssure*, the 
e-arbonic acid boiled away rapielly freim the* be'nzejl. 

The saturation ])re*ssure and veilume*, late*nt,and spe'cifie heats, 
and other })hysie*al ])ropf*rties eef various va])ours bt*le)\v the'ir eritie*al 
te'mperaturc'S have h:'en eh'U'rinme'el anel givmi in Tablets (p. 02), 
or jilotted on charts feir practical ]mrpose‘S eif e aleulatiein. 

Van der Waals (U*vise*d a general (*quatie)n giving the^ relatiem of 
p, V and T feir any fliiiel thremgh any nrnge* ed ti'iiipi'rat ure and 
density from the stater eif liquid to that of a vapour and p 'rfe'ct gas ; 

a \ RT a 

4 «7’. or;,--.. 

where a and h are* eonstants^ dertermined by e'xperiine'Bt fek any 
fluid . 
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Kort', a makes allowaiuio for the pressure in the ^as (lu(‘ to the 
mutual attraction ht't\ieen the molecuh's, assumed i)ro[)ortioiial to 
the square of thi^ density, but mdepcmdtuit of tl>e bunperatiiro. 
This internal mol(‘cular attraction assists the ( xternal ])ri\ssuro of 
the enclosure in pn^vcmtinp; the fluid from expanding. The effect 
is to add a term to /> of the form a 'c- where* a is assumed constant, 
although it is probably less tlie liigTier the teni])i‘ratiire. 

The other cornution is for the size of the moU'cuh's, which 
rediu-(‘S the fn*e spaci* and volunii* of the ga.s by an amount h per 
unit volume. This co-volinm* b nqin^sents tin* least volume the 
gas can occupy when tlu^ ])rcssurc is ('xce(‘dingly high ; and by the 
equation, at absolute zcio, when T - 0, wt* have 7’ ^ b. 

The equation of Van d(u‘ W^ials, plotti*d on scpiai’t^d ])ap(*r, agrees 
approxiniat(‘ly with the gcuu'ral form of the isothermals (Fig. 25) 
for carbonic acid in llie li([uid and vapour state's obtaiiK'd by Dr. 
Andn‘ws,^and sliows tlu* deviation of \a])our from the ideal gas 
wh(*n suitable constants are chosim lor (*ach substanca*, but fails to 
rc])r('sent with sullici. nt accuracy the exact ([uantitative results of 
these cxperinK'iits, or tlu* liehaviour of a tlnul in all states. There 
is discn'pancx bet\\'('(‘n tlu* actually ob.- ‘rvi^d valui's of the saturation 
pr(\ssures and volumes and those (‘alculati'd from this equation. 

Callendar’s Characteristic Equation gives tin* behaviour of any 
vajiour, saturati'd or supi'rheatial, at low and moderate ])ressures 
and tempm’at uri's, and may lu* wrilltm in tlu* form 

'"■= p '■ l- or ^-(c-6) . . (1) 

w'liere v - volume in cubic ft*et per ])ound ; P — ])ressur(^ in pounds 
pe% square foot ; T absolute temperature in d(‘gr(*(*s Centigrade ; 
c is a function of llu* t(mi])tM'atur(* only ; R and b an* constants. 
This (‘quation do(‘s not hokl evi'n approximati'ly over an unlimited 
range, Imt it is of such a form that .si?n 2 }]e thermodifnamic redations are 
readily deduct'd from it, betAvecn the various propi'rtic's of steam, 
and give rc'sults which agreu* very clost'ly with the valuers obsc'rvc d 
by ('xpi'i'inient, Calkuidar has a]iplied it to cakuilatc* his tables of 
th(’ properties of dry stc'ain for prc'ssuivs iij) to 500 lb. pcT sep in., 
such as an* commonly ri*(]uir(Hl in modern stcsim engine practice. 
This is w ell bi'low' the critical point iov wati'r, which is about 374'" C., 
and critical pn'ssure 20t) atmospheuvs. 

Eor 1 lb. of the ideal jierfeet gas /M' — RT, and the volume 

RT 

r The volume of any actual gas, having the same valuers 

of 2\ and R, is Ic'ss than this id(*al volume. The diminution of 
volume from that of the ideal gas is rt'garded as due to co-aggregation 
or pairtng of*the rnolcK'ules, which rc'duc'es the volume, (yallendar 
deducc'd ^e “ c.o-aggre^gation volume,’’ cff from the cooling effect 
in thfottlmg, and show’c^d that, for a va})our at low and moderate 
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pressure, it may be n'gardc'd as a function of the temperature of 
' (TiY 

the form e — _ ^ | , whert' r, is the value of c at 100° ft, or 

373 1° C. absolute. 

All the cxperiuKMits on a fluid, in the state of gas or vapour, show 

RT 

that tlie dei'^ct (c - b) of voluiiuMroiu tlicj ideal gas volume is a 

function of the tempe^rat un' only at Ioav pressun^s, and the increment 
RT 

of log, p ^ {c-b)l- . 

The numerical vahi(‘ of n dc^juaids on tht^ natures of the fluid, 

and for steam n = Th(‘ valiu^ of c agrees V(u-y elosf^ly ^vith the \ 

results of experiments on lla^ cooling elTect in lh(‘ porous plug by 
Joule and Thomson, and is mainly based on the more recent 
throttling exjieriments of Jemkin and Py(‘, (hindley, Peake, as well 
as thos(‘ by Nicolson and Callendar. The cooling effect is the 
ratio of tlu* drop ol temp(M'atun^ for (‘V(‘ry pressure drop of 1 lb. 

in a throttling [iroia^ss at constant total h(*at H. 


/dt \ 

. in., - 1 T“ 1 

\dp) 


per sq 

The co-volume, 6, is taken as the minimum volume of^the fluid, 
that is, when redmaal to the liquid state. Vor water, the co-volume 
of 1 lb. at 0° C. =- 0-01()02 cub. fl. 

10 rv 

Taking n = steam, the constant R -- ^ 0*1 1012 mean 


PV 


1400T 


and Cj = 
volume 


c = 0-4213 


calorie ]XT lb., or R -- ft -lb j)er lb. of vapour, 

RJ = 0-11012 X 1400 1541()S tt.-lb., • 

0-4213 cub. ft ])er lb at lOO"" C. ; then tlie co-aggregation 
/373-l\il' 157-52 x 10« 

T 

^ ' T's 

Substituting these values, th(‘ Callendar (-quation for dry saturated 
and superheated steam is 

154 ](iSj’ 157-52 X ]0‘* 

,y jT, -J 0-(fl()02 . (2) 

t:. 

Example 1. Calculate tlio \ oluino ul 1 lb. ol dry saturated htoam at 170*C. 
The saturation prossun^ is 115 Ih. per sq. in. 

We have T 170" + 273-1" = 443- T C. absolute ; 
and P ^ 115 X 144 lb. per sq. ft. 

1541G8 X 443-J 157-52 x 10® , ,,,,,,, 

^ ri'5 xl44 ■ >''“ ■ + 

11.) X 144 

= 4-1251 0-2375 + -016 = 3-9036 cub. f.^ 

which agrees closely with the value given in the tables. 
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Suppose this dry saturati'd st(‘am is supc^rheated 100^' C. at 
constant pressure 115 lb. per sq. in. The temiH*rature is now 

T = 270° + 273-1° -- 543- rC. absolute, 

154 108 X 543-1 157-52 x 10‘‘ 

115 X 144 


and 


V “ , , V. . h 0-010 

543- IT 

5 0501 - 0-1205 + 0-010 4-95 cub tl. 

Again, in Example 1 , starting with 1 lb. of dry saturated steam, 
suppose the temperature is kept constant 170° 0., whilst the pressure 
is reduced from 115 lb. to 20 lb. per sq ni. TJie term c remains the 
same, the volume per pound is found l)y the charac'ttTistie (equation 
(2), or from the total heat, //, 073-35 (Md.U. by (3), to bo 23-497 
cub. ft., and the steam is suporlu'att^d. 

Example 2. Find tlio volume of 1 lb. ot sUmuh at 2S() ' C. and 120 lb. ])or 
sq. in. • 

T = 503-1° C. absolute ; and the total heat H ~ 095-95 C.H.U. per lb. 
Substitutuig values in equation (2), gives 


0 = 


154 108 X 503d 157-52 x 10« 


120 X 144 


]0 

503-1 T 


(- 0-016 


= 4-4885 - 0 1555 + 0-016 4-349 cub ft. 

In this case the stivani is superheaUKl, since the saturation tmn- 
perature for pressure 120 lb. per sq. in. is 171-75° C. 

Professor T3alby derived from tlu'- eharatde'ristic equation and 
that of total heat (p, 414) a simjilo (expression for the volume in 
cul^c feet per pouml of dry saturatc'd or siqierhc'atc'd steam - 

2-2436(i/ - 404) 

-- - - ' - 

P 

where 7 ; ~ lb. per sq. in , and tin; corresponding value of H is given 
in the steam tables. 

Thus, for the case of saturated steam at 115 lb. pi^r sq. in. (as in 
Example 1), from tablets the total heat H = 003-44, and 

1 1 o 


+ 0-0123 


(3) 


= 3-8910 + 0-0123 = 3-9033 cub. ft. per lb. 

The constant 0-0123 is negligible at low pressures, and up to 
400 lb. per sq. in. is less tJian 1 per cent. 

The volume in Example 2 , works out by formula (3), to 4-349 
eub. ft. 

SupeKatur^ltion of Steam. 0. T. 11 . Wilson showinl by (*xperiment* 
that wate^vapour, mixed with air freii frcin dust and saturated at 

* ^ * Phil. Trans. P.S., 1807, p. 301 
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20° (^, c*an bc‘ suddenly exjuinded until its 2 )r(‘ssure is ( ighi timos the 
normal minralion 'pre,ssure (jom'spondinf^ t(x th(' temperatiirt^ aft.n- 
expansion, ancj its t('rn])erature is inueh Umer than that of saturation 
at the actual ju'cssure rt^ached, xvilhout condensation taking ])lacf\ 
With expansion bi'yond this JimH, or Wilson curve (]). 402), ('xtreinely 
rapid condensation la'^^ins, a d(uise cloud of llnck fof^ being forrntMl 
of very fine parti(*les as cent res V)r nuckd of condiuisation. 

Oallendar (\stiniat(‘s tlu* l adiusof (‘ach iiucltuis about 5 x 10 ” cinl, 
of the same order of magnitude as th(‘ i‘o-aggri\gated or ])airecl 
moU'Cules in watiu- vapour at 20 ’(’. \ 

Professors ('ulhuidar and Nieolson first ])ointt‘d out the loss of\ 
heat-dro]) due to supeusaturation in tht‘ rapid cxiiansion of st 'am ^ 
observi'd in tlu'ir cx])i‘rim(mts * Plu' adiabatic law of (‘xpansion : 
P by ^ -- c'oiistant, still holds \x hih' thi' sti'am i\‘mains dry and 
su})ersaturat('d. d'lie tiiiu' taken lo n'ach the throat of tlu' nozzle 
is only about O-OOOl second, and it is jirobablc' that tlu' steam flov\s 
through tlu' nozzli' in a supi'isaturatc'd condition, w hil^' tlit' condensa- 
tion at th(‘ throat must bt* vi'ry small, sis'ing it is retaiderl by thf' 
surfaci' tension of thi' small drojis, and it taki's plact' \ v'ly rajiidly 
after ])assing tlu' throat. 

From data obtainc'd in trials of tlu' p ‘rtormance of marini' st 'am 
turbiiK's, (VdJc'ndai* dt'liiu'd the si(p(rsatnr(ih()n limit at Wiper ee)it 
equivalent wetnes^s of saturated steam, from which tlu' total lu'at, II, is 
niori' easily ch'duccd than from thc' Wilson limit, and gi\t's results 
in agrei'inent with observations on both, high and low pressuri' 
steam turbines 

Specific Heats of Gas. TIk' spc'cific lu'at of any substanci^ is tlu*, 
quantity of lu'at n'qiiired to raise tlu' tcmpiaatun' of unit yvi'ight 
(1 lb.) of it 1°. A gas has twai spccilii* lu'ats, di'iiending on whethc^r 
it is ki'pt at constant volunu' or at constant jiressurc' w^hili'- being 
heated. 

By the spi'ciiic hi'at of a gas at consUint volume, (f, is meant the 
quantity of heat (thi'rmal units) taken in by unit wa'ight (1 lb.) of 
the gas to raisi' the ti'inperature 1°, wliilc the volunu' of the gas is 
kept constant, and tlu' ])ressure incri'asi's. All the hi'at goes to 
increase the stock of intc'rnal ('uergy in the gas, since no (*xtcrnal 
w^ork is doni' by tlii' gas 

The sjiecitic hi'at of a gas at vousiani pressure, (J.^, is the quantit}^ 
of heat requiri'd to raise thi' ti'iiqierature of 1 lb. weight of the gas 
1°, while the ])rcssure is kept constant and the gas expands under 
constant pressure, doing an amount of external work I'qual to the 
product of the pressure and increase of volume. 

Difference of the Specific Heats. Whi'n the volume of the gas 
changes from Cj to during I'Xjiansion at constant pressure the 

L 

* “On till' Law of (.'oii<lrii.SHt ion (»f Sloani,’ Pror. Just. (\K., ISJIS, V^ol. 
(’XXXT,t>- 147; also /Vor /'o//. Xor., 1900, Vol. LX\’ll,p 2l)(» mind “Flow 
of Steam Fliroii^lj a Noz/di',” Jitat. Jlffch. K., 1915, }). 511. 
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rxi(‘rnal work donv by th(‘ gas is r^- H follows that, for a 

perfect gas, the. heat (Miuivaleiit of the external work doru' by 1 lb. 
weight of gas dining (‘X])ansion A\hile tlu' t(‘iu[)(Mati1r(‘ rises is 


Tak(‘ X, J . t'Vfl -11), and Kj, »J ft.-lb., th(*ii K ^, U. 

Since no intiTiial woi'k has to be don(\ nor hi^at riMpiireil to ov(‘r- 
eoiiK^ the nioU'cnlar at Ir.iction of a perfect gas during ('X])ansion, 
any heat giAiMi to the gas must go (uthm- to raise th(‘ tern pc'ratnre 
of th(' gas and so inereas!^ its stock of internal (‘Tu^rgy, or to do 
external Avork, acc'ording to t.lu^ fundamental (‘iieigy lajuation — 
Ib'at r(‘ci‘iv (‘d ^ Inci i asi' of inti'rnal emugy ^ tk\t(‘rnal AA'ork done 


f^et lb weight of gas Ix^ heatcal from Ty to absolut(‘, at 
constant voluim* , tht‘ lieat takcui in is ^’i) ~ m^'i'ease of 

intiTiial (‘iu‘rgy- 

Again, if th(‘ A^oluine imriaises from r, to under const ant- 
pressuri‘ p, Avhile th(‘ temp(‘ratnr(‘ is raised from to T,^, the heat 
taken in l)y th(' gas to raise its timi})eraturi‘ is tr . 7\), and 

th(^ external Avork done by lb(‘ gas A\bile it is brung wanm^d is 

Ik - /ryd^'o- ^\) ^ ivR[T.-l\)^tAh. 

since the pi'rfi'ct gas follows tln^ Iuaa' pr -- v'RT. Also, the change 
of internal mu'rgy is w ^i)- Substituting th(‘se Aailues in 

th(‘ energy (‘([nation, Ave haAc 

w . C„{T., - '1\) - . cat. - T,) -! (T, - 1\) 

from whicli Cj, C, “1"^. j iinitK . . (2) 

that is, 7v - A'j, ft .-11). 

Ther(dor(‘ the dilTerence in lu'at units betwt'i'u the speeitie heat 
of the ])ei‘f(‘ct gas at eoirstant ])ressuri‘ and tlu' s[)eeific heat at 
constant volume is (‘([ual to the constant R di\ide(l by J, Joule’s 
(^quiA^alont. 

Combining this result Avith the eharactin-istic e([^uation (1), (page 
hS) A\ai have 

r-_^ wR ~ iv(K^ - AJ = wJ (Cjf- 6\,) ft. -lb. (3) 

This i^dation is only strictly true for a perfect gas, and very 
nearly holds for hydrogmi, nilrogtm, dry aij, and other gases when 
above 4hei«^Titical temperatures of liquefaction an(bat moderate 
pr(^ssure . 

1 - 1 — ( 5434 ) 
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Th('. ratio C)f thu spc'citic lieats ”, dcinotod t)y y, is a vory impor- 
tant factor, ami substituting this value in cipiation (2), gives 
1 ^ r 

r- \ ^ 


u 

y-r 


Example 3.' Find llie relation between the siieeilit* iieats ol a ])orfect ^as. 
Taking tlic speeific heat of air at K 183-4 ft -lb and K ^ 13U-2ft.-fc. ; 
find the volume of 3 lb. air at a pressure of 40 lb. per sq in. absolute, imd 
temperature 75 F. ( F.h . B.Sr. [Bn(j.)\ 

Wc have R =-- A\ - /v\, - 183-4 - 130-2 - 53-2 tt.-lb per lb. " R, 
and absolute iempcTature of th(‘ air --= 4(30 | (abs.).\ 

Noav pe — wRl\ 

_ uRT 3 < 53*2 :< 535 

and 14-824 eid). ft. 

j) 40 144 

Avsiver. 


For dry air, Ki^gnault found ( \ 0-2375 ( alone at 0 ' C., and I 

atmoS])liere. TIkui, d(‘dueting tlu‘ lu-at (‘qui\ ahqit of tlie ('xternal 
work done by unit W(‘ight of lie* air during (‘Xjiansion unrkT constant' 
atmospheric pn'ssure while being warniiHl I O , nami^ly -0684 
calorie, givc-s 


(\ - -2375 - -0084 --- O-lOOl ealorn- 


Hei 




•2375 

•1(391 


-- 1-405. 


To find the values of tlu* spi'citie heals and in work inyts, 
foot-pounds, nnilli[)ly 6’^, and (^^j^iu heal units by th(‘. appropriate 
value of J . 

In mcjre recent d('t(‘rininal ions of Cj, for air and othi-r gases under 
constant pressure, iSwann, by th(‘ continuous (‘Icctrici luxating* 
method of Callendar, fouiul the vahu' for air at O' C., 0-2413 ; and 
■243 at 100° (h and almospluu'ie pn^ssun^ Taking R at 0'()68(), the 
result of C\ foi- air at 0° (J. is 0-1727 calorie. 

J(dy finds for air at 0° 0. and atni()S])hiTie ])r(‘ssur(^, by direct 
measurement,! 0-1729 calorics 

Joly, by means of his differential steam calorimeter, dettaanined 
by direct measurement the spt'cifie lu'ats of gaH(*s at constant volume, 
by the condensation of steam that Jieats tlie gases. Two exactly 
equal and similar globes or s])lu‘rieal cojiper vessels hang, in a steam 
chamber, from thii arms of a balance in a case above. One vesscil 
is empty and th(5 otlua’ contains gas at a given press uni or density. 
Th(i difference^ of wdght, IF, is that of th(i gas. Tlici spherical shells, 
wIk'ii empty, havci (‘quaj th(*rmal capacity and are both supported 

* Soo Brit. A.saoc. Report^ 11)08; Phil. Trans., IDIO, ]).T9l). * 
t Phil. Trans. A., Vol 182 (1891), p. 73 , and A (1894), p. 943. 
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oil stiiall scales pans, or '' oaloh Avators,” io ('dIIcm I ttui waller from 
condensation on the surface of the vc^sst'ls. Aft(‘r tlit^ tiunpf'iature 
r becomes stationary, si^i^ain is admitted to the (^hanfber, and more 
eondenses on the shi‘Il whic h (‘oiitains thc‘ ^as, and this excess of 
condensation^ v) lb of (‘ondcuisate AvatcT, ^iA^c^s tlic* li(‘at wL rc'fpiired 
to raise the givi'n Avei^ht W lb. of gjas through the* obscu-vc'd tem- 
perature, U to at constant volume', lienees ir(/^ - wL, or 


=■- - j — , Avheue L IS the latc'iit heat of stc'am. 

It Pi — t) 

Small corrections arc^ nc^c'ded for the* (‘xpansicai of the' copper 
globe, due to rise of tc'nipcu’ature and c^xtcmsioii Avith increase of 



Volume - Cub. ft. 


KjG 2(i. IsoTllKUMALS ANL' AoiAKATK'S 


internal pressui'c, also for the external work done by the gas in 
expanding this amount. The results of (‘xperimcuits by Dr. J. .Toly 
shoAv that th(' specific heat of gases at constant rolamc 'is not constant, 
bvf mcreases with pressure an I temperature. h\')r earbonie acid gas 
there Avas rajiid increase' of speeilie lu'at at higher prc'ssure, as the 
tem])erature A\as reduec*d b(‘loA\^ IMV i\ 

SA\^ann also found for carbonic ac*id 0-202 calorie at 20*^0., 
and 0-221 at lOO"" C., the mi^an value from 0“ to 100° C. being abemt 
0-21, and y 1-3. The corresponding value's of Kj,, expressed in 
o ot-pounds per cubic foot of gas are 27-4 at 20° (k and 30-7 at 100° 0. 
(See ])age 307.) 

Isothermal Expansion of a Perfect Gas. When heat is transformed 
into mc^hani»#al (‘nc'rgy by the' ('xpansion of a ])erfect gas, all the 
Avork donci is due to the jirc'ssurc' of the' gas oA^(*rcoming external 
resist»nce,-^nd there' is su])])os('d to bc' no loss of mechanical energy 
from internal friction of the gas itself ; and in I'verv opi*ration the 
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t^xpaTLsion and conipr(‘ssion are rovcrsibli*, as oxplaiiK'd al- Micouts(‘t , 
wlu‘lh('r tin; siibsianci^ icc tdvc'.s or givc's out lK‘at. 

Wh('n ili(' ^iI)solute ianpcrature. is k(^pt constatU, tli(‘ hsolhrrnial 
curve, APB, 2(), giv(*s lh(‘ relalioii of pn'ssim' and volume of 
gas during expansion from th(‘ initial stat(‘ v^, to ihi‘ slate 
P 2 , V 2 , Ti ; the eliaraetiuastie (‘([nat ion bee-omes p^(\ - ~ wIVl\ 

~ 1c IX constant. (Hoyle’s law.) 

The product of any pair of a aliu's of pressures and vohnru*. at stiit(‘ 
points A, P, and B, Fig. 20, on the curv(‘ is capial to 50. Henc(‘ tlfte 
curve is a rectangular liyp(M*bola. \ 

The same quantity (»f gas at a dilfereut constant tiunperature will 
have anoth(;r similar isotlu'rmal (‘urv(‘, CD, and in tliis way we can 
draw any number of isothermals for tlu^ sanu‘ mass of gas, by\ 
increasing its stock of inbu’iial (‘luagy. 

The work doin', IF, b}/ the gas during expansion, and on the gas 
durhig coni])ression, is eal(‘ulatt‘d by tln^ (‘quation (0) (j).* 10), sub- 
stituting few 1c th(‘ vahu' uRT ; or graphieafly fiy nu'asuring the 
area under the eur\i‘ to tiu' volume axis, and boimdisl by the 
pressure ordinates at tlu* initial and linal state's, A and B, 


Vi*\ Wr/\ log, /’ 


Since th(‘r(‘ is no change of b'liqiei’ature, tin' internal ('lU'rgy doc's 
not (‘hang(‘, and tlu' (‘iH'Vgy e(juation 

IF 

Q =: E 4- ^ , b(‘eom(‘S JQ O \ ppq log^ r, 


so that during the I'Xiiansion of a [lerfect gas tin* heat n'Ctdved is 
converted into tlu' c‘qui valent work during tin' changes of stabv 

The isotln'i’inal operation must be perjonned very sloiviy to allow 
time for the transfcT of h('at to or from tin' working substance, 
and for this h(*at flow' some ditfV'n'jiec* of l(‘mpei ature is actually re- 
([uiri'd. Obviously, during isotln'i inal eompn'ssion tiu' heat gimiu'ati^d 
must ])e taken away eoiitinuously from the woi’king substance, 
henc(' thc^ necessity for the circulation of cooling Avat(‘r around the 
compri'ssion c^lind('r ; but the tmujH'iature cannot b(‘. k(‘pt rigor- 
(Wisly constant in ])ractic(*, (‘XC(!])t during th(' condiaisation of a 
vapour in comprevssion, or by the evaporation of the licpiid during 
exj)ansion. 

Adiabatic Operations of a Perfect Gas. Expansion or compression 
is adiabatic wlum the opination is n'Viu’sibh^ and the working sub- 
stance neither gams nor los(‘s lu^at by conduction and radiation, or 
by internal chemical aidion. \V(‘. must imagine a given quantity of 
perfect gas to be (‘Ik IosihI in a eyiindi'r, lifted with iifpistop, both 
perfect lujii-conductors yf lu'at, which lu'itlu'r take up any heat 
themselv(‘s nor allow' iieat io pass througli them to or friNiii the gas. 
An adiabatic opi^ration cannot bo quit(‘ n^alized because every 
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substance absorbs heat, inon^ or less, and a cylinder cannot be 
perfectly heat-light, or iinpiM-vious to heat. An operation is nearly 
adiabatic when j^f-'rformed qin’clJij to allow very litfl(‘ time for the 
transfer of heat bc^twe^en tlie gas and the surfaces of tlu' cylinder walls. 

In adiabatic expansion CB, t'lg. 2(1, Avork is done by thc^ given 
weight (jf gas solely at the', (‘xpcni^se of its own stores of internal 
(‘iK'rgy, hcmcc the t(‘m])c‘ratiJi-(^ and ])r(\ssur(‘ fall belcm'^that of the 
isoth(‘rnial CD for thc‘ same change* in volume, since^ during isothc^r- 
inal expansion hc‘at is suj)])lu‘d to k(a*p tlie teni})eratiirc^ constant. 
During adiabatic, com pres, sio)f , BC, the* work done* on the gas 
genc'rates hesat, Avbicb incn'ases its stock of internal cmergy since 
no hc'at is givcm out, and the t(mi])eratiin' list's accordingly and 
givt's ra[)id increase* of prt'ssurt*, Avhert'as, during isothermal eom- 
pi\*v^sion l)(‘tuc(*n tlu* sanu* \olunu*s, B to d, tlu* lu*at jiroducc'd must 
!)(* t,akt*n away in oitlt'r (o k(*(*p tlu* tcnipcrat iirc* constant, thert-forc; 
the isoth(*rmal (‘ouiiircssion curvt*, must be Ix'low tlu; adiabatic. 

JJ(*ncc*, Ut( adiabafic curve (i deeper slope, than the isothermal, 
d'urntq both c.rprnision (ukI rompressio)i,. 

L(*t dQ dc'iiott^ a small (piantity of hc'at takt*n in by 1 lb. weight 
of a [)(‘rf(‘ct gas, and dT and do tlu*, resulting small ni(Tenu*nts of 
tt'mpcraturi* and volume* . tlu'u tlu* fundamental eiuu’gy t'quation. 
Heat rc^ec'ived (hiiri of internal en(*rgy f Kxteraal work done, 
l)econu\s dQ — ( . dT - p . dv. 

Sinct*. in adiabatic (‘xpaiiMou or comjirt'ssion no lu*,at is taken in 
or givtn out by the gas, dQ -- 0, tlu* irorL done, is cfpfl valent to the 
ehnnye of internal enenjif, and avc lunt* ( dT | p . dv {) 

J)itK*r(*nt iatt^ tlu* characteristic (‘cpiation of a pc*ifc‘ct gas j)V --- RT, 
any v\(‘ obtain p dv | v dp -- R dl\ or dT —[p . dv j - i; . f/p)/22. 

Substitute* tins value* oi dT in the* above* e'([uation, and taking 
R - Cj, ~ (', . Ave* obtain 

e„ . P ■ do 4 . 0 dp 0, anil - ^ -- y 

r , . , dv dp 

Iroin whu'Ii y . - d- ^ i) 

V p 

and, by inte'grat ion, y . log., v h b)g^ p a constant. 

The* ref ore, ]) . rV =- n constant ..... (5) 

the* equation to the adiabatic curve of a iierfeed gas, giving the 
relation bc'tAveen the* absolute pre'ssure and volume* during expansion 
or compression. 

The*! AUilue* of the constant e‘an be found for a give*n state of the 
AA'orking substance for any pair of values of /> and v on the* adiabatic 
curAc*. • » 

Tlu* wo^ are*a during an adiabatic eluinge* ed state e*an now be 
foune^ by^ubstituting y feir v in the* general e(|uaIion.s (1) to (5) 
(p. 10).' 
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We have j)V — wIlT, and ~ wR{T^ - Tg) 

and, for adiabfit ic expansion, 

W bfComos Tr 


Then — , rejavs'^nts the rediietion of the inhaiial ('ncagy of the ms 

or the amount eonvert(‘d into mcabanie-al energy during expansion 
from the stat(' p^, I\, to tlu' state p^. T^- \ 

The internal em(‘rgy of 1 Ih. weiglit of the gas is gradually speni 
in doing work on tlu^ piston as tht‘ adiabatic curve is indefinitely 
prolonged to cut the A'olume axis at infinity and the prc'ssurc falls 
to zero, wh(‘n the* gas can do no more external Avork and fes stock of 
energy is used u]). If }>,, ^ - 0, the eipiations n^jaa'senting the work 
area under th(‘ adiabatic* eurv(‘ f)ecome 

n r RT 

Work done - - ^ ' - A^T, ft .-11). . . . (8) 

y-\ y- \ ^ 

which may be* takc'ii as the m(‘clianical erpiivahuit ol the internal 
energy c^f 1 lb wctght of gas in the* initial statc‘ at absolute tem- 
perature Tj. 

Change of Temperature of a Perfect Gas during Adiabatic Expan- 
sion and Compression. T>)ming an adiabatic o^ieration from the 
state ^’ 2 ’ relation bitweiui pressure 

and Aailumc* is 1 

Pi ' V 2 ’ 'V 5 vvh(“re y dc^notes thc' ratio . . {a) 

- ' V 

and, for a perfect gas, tlie etiaraeteitstic equation is 

.... .(h) 

' J \ -- ^"1 

To (diminatcj p, divide* (a) In (h) and wc* obtain 

fvAr * 

7\ . 1 ./- J 7\ ,v' or^ ly) . . . (0) 


where — is the latio of (‘xpansion. 

'a, 

Again, to eliminate i\ raise (h) to the y penver, and divide by (a), 


'J\y ’ V 7’2 


r, /pAv- 


and the: temperature ma}' l»c calculated from a given pressure 
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change. Hence, the adiabatic law for a perfect gas may also be 
written — 

T • 

T .vr ^ = constant, and - = constant. . . (10) 

V 7 

In the application of the cmergy jaw to a ])erf(^ct gas — 

(а) In isothermal expansion jw -= constant, whtm P is constant 
dQ — dE \- j) . dv \ all tlu; heat given to th(‘ gas goes to do extc^rnal 
work in expansion, and the inb'rnal energy remains constant ; 
dK — 0, and dQ — p . dv, 

(б) Adiabatic (expansion, dQ — 0, and p . dv — - dE. In this 
case, exlei’nal work is done at th(‘ (‘xptuise of the internal energy of 
the gas. 

(c) Heating gas at constant pressure : Internal cniergy int;reases 
and external work is doru^ by the ht'at j^^dQ ^ dE \~ J^P • dv, 

h('at given to the gas, Q = E^ - Ej 1- j)(v 2 - ^’i)- 

(d) Heating at constant volume, j) . dv — 0, and dQ = dE. 

All the h(iat goes to incr(‘ase the inlornal energy of the gas. 


Example 4. Tlu' lotniioralnrc oi ttie inixlnre of ^jis ami air in a tjas engine 
at tlie end of tiie atliiiission stroko is !)() ' F., and ilic [irc'ssiiie 15 11). per sq. in. 
ahsoliite. The elearanee volume is 4'() euh. ft., and the total volume of 
eloarnnec plus jiiston ilisplacement is 12 euh, ft. Assunnui:: adiabatic eom- 
presHion j) ^ constant, detennim' tiie teinpi'ratiire at the end of tiie 
compression stroke. 

If tlie pT(^sslll■c aftci u^iiition is 240 lb per sij. in., lind the tenqDoratuiv m 
tlie (iyhiider. ( U. . P.Sc. ( kr\g.).) 


.The student should (lra\\' ji eompr(‘Ssion curves alxivi* the atnio- 
syiherie liiu* and a vertical to ix'present inenxas' of pressure at 
constant volume, during (‘XY)losion after eomprcssioii and ignition, 
like the lower curves and cemstant voluine line in Fig. 2 (]). 7). 

Here the tiuTiperature bidon^ compnvssion is 

-- 90° 460° -- 550° F. (absolute). 


Let 

pression 


T , absolute, tmuperature at end of adiabatic' c om- 





1 

and 


T., ^ 550 


12 

4-0. 


taking logarithms 


log Tg -- log 550 I 9-4 (log 12 - log 4-6) 

- 2*7404 I 94(1 *0792 -0*6628) - - 2*907 

lumc#, •7'., cS07° F. (abs.), or 807° 460° - 347° F. 

Againf since* the rohiwe is constant* during explosion, by the 
c'haracteristic ccpiation, tlie teinjH'rature is pioportional to pressure. 



78 


APPLIED TJIEBMODYNAMICS 


Noav, 2^2 ^ 15 X 12' ^ 

/12 ^ 

that is, ^>2 15 ( JTq 1 — 57-42 lb. por sq. in. 

and, at constant volunu*, 

T 240 S07 X 240 . , 

807 -' r , 7 - 42 '-" .,7 42' j 

ti'inpcraliiiH^ of tli(^ rhart^t^ at 240 lb. p;T s((. in. is \ 

;}:i7:r - 460‘ - 201 : 4 ^ f. Aiuswcr. ' 


Example 5. If o-l lb. of uas ocfujiyin^ O-f) cut), ft is t‘X[)aTicle(l in 
c,ylimler at constant pn^ssiirc nl labUi. per si| in. absolute until its voluino\ 
is 1 eub. ft., and is then ex])and(‘d adlabatll‘all^ to ocul). il., lind the tern \ 
perature of llie <i;as (r/) at the end ot the constant pressure staye, {h) at the 
end. of the adiabatic expansion; an«l calculate' the heat expiiuled and the 
work deaie during (\M*h ])ortion (»1 th(' piocess d’alu' K - Ills fl -lb . and 

K - 141 ft. -II). Il.Sc. { 


Giv(‘n, wP --- ir{K ~ ^ i) 


(lOS- 144) - 5-4 ft. -11). 


2)r - ivPI\ anil initial tcinpcratnrr I\ 


Sub.stitutin|2: valu(‘y, 


7'j = = 2()()ir V. (al)s.) () 1040 F 

.)-4 

(ft) At (‘onstant pri-sstiri*, 

Cl c., 7’., r., I . 

7,4' 77^1 IS. --f - " , > 2, 

J\ 7., J\ r, 0.) 

tlicri‘for(‘, at tin- (-nd ot tli(‘ constant pr(‘ssur(‘ stagi*, 

7^2 - 'IT, - ‘bMlO y. (abs.), or 3540" F. 
ll(‘at cnor-oy ii'ccix <‘(1 by the ^as (liirin|^ (‘Xpansion at coiiRtaiit 
pressure is 

w . - 7'j) ^ X 1!W(4000' - 2000')-- liO.OOO ft.-lb., 

Eijuivalent (o .‘bl,()00/77(S 50-0 Jl.Th.l'. 

The xvork done at constant jiressurc'. 

-- - r,) - (144 /. 150) X \ 

- LOaSOO ft .-lb. Answer 

(h) For adiabatic exfiansion, 
lOS 11 
^ “ 144 ~ fS ’ 


; taking logarithms 


log 7'.j log 40004- jj logo 3-3400, 
obtain, T.j 2188 ' F. (abs.), or 1728" F. 
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Tlie gas ncitlier roctoves nor gives out lioat during an adiabatie 
change, therefore, the i^airk done by the gas is equal to its loss of 
internal energy due to ehaiigc of teinperatin e, which ,,(7’, - T^), 

namely, ^ 

X 144 ( 4000 - 2188 ) 2 (i, 09 :i ft.-lh., 

Kquivalerit to 20,09:1/778 -- 11.1’li.U. 

To check Ihis result, for Ihc adialiatie eurvi'. p., . v. 


Ih 


that is, 
and 


Pi 
Pt ^ 

log /)., 


, talving logai ilhii's. 


1 1 


log 150 - —log 5 --- 1-2150. 

s 


W(‘ h{iv(‘ lh(‘, pnssnn^ ]()•-! I lb. prr S(| in , arul tlu* work 

dono (luring (‘xpansion, 

- p 
y~\ 

U4(ir)() < 1 - |()-4J 


W - 


is obtaituHl, If 


'>) 


- 3S4 X 07-95, or 20,09:5 ft -lb 


.4^? s*?/>cr. 


A pr('ssur(‘ volnni(‘ diagraiu. drawn lo scali', would show those', 
(*hang(‘S ch'arly. 

Example 6. I’ourcui). it, df at. 2U aiul 11-7 Ih. iior s(|. in. is coin- 
jiivsht^l iutniliaticalh' to om'-fiKli of t Ins \ olume. J)(‘l(‘nnmc (/f) tho oi^ht 
ol llio ^as ; (b) llu' prossiii't' ami Ifanjirratiiro al tlio (muI ol tlio luliabatic 
foirijnvssinii , (r) t tic M ork (lone f>n llio <i:as , (d) tlie lieat ^n'(*n out wlnie tlio 
gns IS cooled to 20 (' , at the i-(Hluced constant volume ; and (e) tlie pressiiro 
.iit(‘r cooliny;. 'J’hi' sja'cilie heal at- (‘onstant pressort' isn-2tn4, aiul at constant 
volunu' 0 17 IS. 

We hit vv V ' j 

^ -JTIS 


and Ui(‘ gas i- oust ant, 

B (-2404- -1718) 1400 OOft.-lb. 

(<*) Thcui tli(‘. w(‘ighl (4 Ihc gas is found by tlu' charactcwistic 
(‘quation 

H'l\ 9() X 29:1 “ 

'r,\y 


{()) By 11 10 ad i a bat i c 1 aw , j).. 


Pi 


or />2 


the 


pA") ,and 


('oinprcssion ratio-* — 5 ; substiiuting lli(‘ givmi valu(“S 

f'ii 

]>2 “ 14-7 X 5’ h and log /t, - log 14-7 1-4 log 5 

-- 2- 1459, 

wc ob^(/iin yfe pressun* at end of comitn^ssion, 

' - 139-9:5 11). p('r sq. in. 



80 


APPLIED THEBMODYNAMICS 


Again, th(^ absoliito temperature, ^ ^ 

or 

which becomes, 

Tj -- 293 X 5" ^ 

and log Tj = log 293 j- 0-4 log 5 2-74()5, 

and Ta -- 557-8'' 0. (absolute), or 284-8° C. 

Check this value by the relation 
Tn /139-93\' ' ' 

5- (t4-7 ) ' ' 

(c) Work done on the gas during adiabatic (‘ompression is 


P2 ■ ^^2 - Pi ■ 'I’l _ 0-8- 14-7 X ^ 

y - I 04 

- 3(>0 X 53144 -- 10,132 ft -lb. 


The (‘qiii valent of this work is th(‘ heal. en(*rgy giv('ii to th(‘ gas 


10,K32 

1400 


1 307 011. IT 


since, by Die ('uergy (‘qualion. Q --- E 


IT 

J 


(d!) Now in cooling ()-301 lb. w(‘ight of gas at constant rohmip, 
from 284-8° i\ to 20° (t. tlie li(‘{it givcm out by the gas 


-- (:-30l X 2(i4'S° X 01718, or 13 ()9C.IHJ. 


(e) Also the pressure drops to that on the isothermal curve 
through the initial state; point, and tlu; internal energy of the gas is 
the same as at tin; outs(‘t, whil(^ tin; pr(\ssur(; is reduced to that on 
the isothermal, which, by Boyk-’s law, is 14-7 x 5, or 73-5 lb. per 
sq. in. A}ts'ivp,r. 

If a pn diagram were drawn similar to BCA, Fig. 26, but to a 
suitable scale, thc' |)oint B would re])r(\sent the initial stab' of the 
gas as regards pressure and volumt'. During com[)ression without 
gain or loss of heat, the chaug(‘ of pressun; and volume would be 
shown by the adiabatic curve, B(\ ll(;at is rt'jected in the constant 
volume, change' CA, and no work is done;. During the isothermal 
expansion, as tin; stab; point moves from A to B along the isothermal 
curvi', the gas receives heat at the rab* r(;quired to k('(‘p the tc;m- 
pi'ratun; constant, wfiile th(‘ gas does work r(*i)r(*s(;nb;d by th(^ area 
under AB. The diff(‘r('nc(‘ betwec'ii tlu; work area und(;r BC done 
on the gas, and that d()ne by the gas und(;r A B, is WJhen the 

state point moves round the clos('d area in th(; dir(;c.tion BOAB, 
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opposite to the hands of a clock, on the whole cycle, work is converted 
into heat. 

EzaniplB 7. Ono iJound of jnr at H54 ’ K. (178*9" C.) exj)imfjs adiabatioally 
to throe tinio.s its oiif^niul volunu*, and m the process falls m temperature to 
60" F. (15*(V' C.). The work done diirin^^ the e\])ansion is 38,410 ft. -lb. 
Calculate the two spoeifir lieats. ( U.L., H.Sc. 

7\ - 178 0 + 273 - 45*1*9" C (abs.), 
and T, - ]5*()" I- 273 - 288-6^ C. (abs.). 

451*9 

Substitute given values in (‘(piation (9) (}) 7()), — - — 3^' 

288*6 

Tak(‘ logarithms (y - 1) log 3 - 0 19474, 
and y log 3 - log 3 -- 01 9474, 

that is, y >, 0-47712 ~ 0*19474 f- 0-477 12, 
from tvliiuh, 

fh, ■()71S() 

- ■■ -47712 ~ ^ 

Again, by equation (6), 

II' ~ ^ Avhen- u-H - - (\ ), 

substitute vahu's, 

38,41(.- ' l^00(C„-C,)(451-...-28H.«)^^ 


(! 

1 =- the (-quatudi to 


38,4 10 - I4()()C„ l()3-3, and 

1-408 ^ 0-1 ()S - 0-23055. 


:^ 8-410 ^ 

1400 X 103-3 

.4 Nswer 


To cheek calculations, siibstilute the valiu's obtained, a-i above, 
tor th(^ work cl OIK* 

(\, ~ (\ 0-23()55 - 0 168 - 0*06855, 

and r - . : - — 1-408 


wh[l\ - T.,) J V 1400 X 0 06855 x 16^3 
1 “ 1*468-1 

-- 38,410 ft. -lb. 

Examole 8. Fho eluiraetoristic eonstnn( tnr h\ drogeii is 1382 it. -lb. units, 
and itsTpricifie heat iit constant jirossun* is 3*41; 3 cub. ft. of hydrogen, 
incasurod ak ir> lb. p»M' .sq. in. and 18’ C. urr% compressed adiabatically to 
290 11* por^p in. and thon expanded ist)t]ierinaU\ to the Original v-olurne ot 
3 cub. ft,' Determine the hnal pro.ssure ot the gas. C^aleulale the amount if 
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heat which must bo added to tlio ^as diiririf^ isothermal ox})ansion, and also 
the lieat which must bo abstracted from tlie ^as after o\f)ansioTi in order to 
reduce it to its ipil-ial state of jirossiiro. ( B.iSc. (Ey^g.), 1923). 

Let li represent th('. gas eonstanl, then thi‘ difference of the 
specific Ileal s is 



Fic. 27 


adiabatic la\N s 

Cj //C.V- 1 

ih 'V' -/'..'V'. (ir, 

Taking logarillinis. 

(r’) 1 4074 ~ ] 

H(‘nee th(‘ eoniprcssiori ratio r — ’ -- ()•!{; [ind tli(‘ \()hinu‘ at 

end of th(‘ adiahatic ('om])!-ession, at stall* |ionit Ji, on tlu* sk(‘teyi 
diagram (Fig. -7), 

- 0-47bi cub. It 

()-.} 

])uring isotliermal expansion, tin* stall* point moves along the 
curve BC. 

hvi p 2 and h(^ the ])ressiires at .4, B and f ' (Fig. 27). 

At B arid (\ on tlie isothermal, 

p, . - p, . r,. iuid p. p., ( J 


“ = .‘L *70 li). pe ■ S([. in. at f ’. 


H(mc(‘, 
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By JouU^’s ('nrrp;y law, the; intorual (‘iK^igy of a, ])CM'f(a-.t gas 
ch^poiids only on its t(‘rn])(‘raliir(*, and (p. oi)) tlu^ d(wialion by 
volunie of hydr()g('n is praeiioally n(‘gligi])l(‘ ; it foflow^s that llio 
internal en(Tgy of hydrogen is constant at (‘V(My point on the 
(expansion eiirve JR-, Fig. 27. Ther(dor(‘, th(‘ ciinoiuit of heat 
rec(‘iv('d by th(‘ gas, to kei^]) its tianijin'ature constant, is eijnivalent 
to the work done by tli ‘ gas during (‘xpansion. and r(‘])i*(‘sf‘nt('d by 
th(‘ work ar(‘a BCN F, Tlu‘ work don(‘ during (‘Xpansion is 

ir - 2-202b log,,,r 

- 144 2(M) V o 47()2 < 2 :h>2t) log b ll 

25,2 h) ft. -lb 


which is e([ui valent to 

• ir 2r),21tt 

J ' 1400 


iHtKU' 11 r 


An.sjrfr. 


Hene(‘, also, th(‘ h(‘at (‘lun’gy to hv ('xtraetial from th(' gas at' 
constant volunu', (\i. to re(lnc(‘ the gas to its initial state ninst bc’! 
the erjuivahmt of tin* Nvork dom^ on the gas during adiabatic eom- 
[ireSvsion, ^47^, and r('[)n‘S(‘nted by the arisi ABFN, (apial to 


144(200 V 0-1702 15 2) 

1 1-4074 1 

which is (‘qiiiv ihmt to 


17,7b0 ft.-lb. 


17,7('0 

1400 


12 OS (Ml. i:. 


An Silver, 


Th(‘ cycle .17^(’ is c1os{h 1, and the gas n-turmal to its initial state. 

Th(' (hfjcrvnrc betw(‘cn tin* isotlun'inal work done hj/ the gas, and 
th(‘ work doni‘ on it, which is lS-0,4 12-OS (MT T - 5-25 C.H.U., 

th(' heat conviu-tial into work, is n^presimted by the area of the 
indk-ator diagram AB('. 

It is to b(' not(‘d, when tlu‘ state point niovi'S round a c losed curve 
in th(‘ dircH'tion of the' hands of a cloclc, tlu‘ gas, cm the' whole, 
rc‘(‘(‘ives more heat than it n ji'ct-^, and thc' dilfenmee i^ c'onverted 
into work 

By the principle* of thc’ conscTvatioii of enc^rgy, and Joule’s first 
law of the e(|uivdlence of heat and work — 

Hc%at rt‘eeived ™ Work done by the gas b K(*at rejected, 

become*}^ inthjscasc^ lS-02 (MI.U. — 5-25 1 12-OS H.IT. 

Further, ^le tc*inpc‘ratur(* in the initial sktite, .4, is 

• 1\ IS" I 272 291 C (abs.). 
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and W(^ may (‘alculatt* ihr tem])e.ratur(' at B, dnij to the adiabatic 
compression, 


\pj '' [ / 


y- 1 

since — - 


y 


l-4(^74-l 

14074“ 


0-2895, 


from which, T. l 16" C. (abs.), that is, 34.4" C. ^ 

The same result is obtained by takinp^ the adiabatii- i4iange oi 
volume, thus, 


T\ 



— 6-3“ and -- 616" C. (abs.). 


As a ch(‘ck on the above' calculations, tJstimaU' the quantity of 
heat given out by the^ hydroge'ii in cooling at constant volume, 
from 343° C. at the state C\ to IS ’ (' , the initial state at A. The 
temperature droj) is 325" C. From tlu* hydrogen gas constant, It, 
given equal to 1,382 ft. -lb. ])(T lb , wo may calcailiite the dfuisity or 
weight of hydrogen in pounds piu* cubic foot at 0"(^ and 14-7 lb. 
per sq.in., by tlic characterislic (‘quation pr wRT, wl|ich gives 
0-00561 lb. per cub. ft. By th(' sami' ecjuation, reduce tht‘ 3 cub. ft. 
measured at 15 lb. per sq. in and 18° C. to its volume at 0" C. and 
14-7 lb. p('r sq.in., whic-h conu-s to 2-873 cul). ft., and so find its 
weight 2-873 X 0-00561, or 0-01611 lb. TIk^ \\(‘ight is also obtained 
directly from tin* charaetcu’istic- - 

pv 15 144 .. 3 

- TiAfi -- V O’Oltil 1 lb 


The l^at given out by this wc-ight- of g«is in cooling at c‘onstant 
voluiiK^ IS 

w X 6\ X dro]) of tcinperatun' 0 01611 X 2-423 X 325° 
= 12-6S C U.Tk 


The pn'ssurc at C is also determined from th(‘ U'mperature, since 
the volume is constant during cooling. Tlu'. ixtation is 


Ih 


Ih 
T ’ 


that is, 


2h 


and 2h 


T, 


from which p- 15 X 


616" 
29 F 


— 31-75 lb. per sc[. in. 


This method is imj)()rtaiit in the diti'rmination of extremel}'^ high 
and quickly varying temperature in the gas erngim^ cylinder, from 
measurements of pressure and volume on the indicator diagj'am. 

Rate of Heat Reception/)! Rejection by a gas in the engine cylinder. 
Assume the sp(*cific heats of the gas constant, Given a indicator 
diagram traced to scale, without knowing the temperature. 
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dp be the infinitely small change of ])ressur(^ whiles tlie piston 
moves through a very short length of stroke and sweeps out tlic* 

(h) ^ 

infinitely small ehang(^ of voliune dv. Tlien -- is the rate of change 

of ]:)ressure per unit change of volnnu*, at the ])oint corresponding 
to the mean value of dv. Jf dp g^ 4 s less, this is iK'gativei, as in 
(expansion ; if dv is negative', tlu'i volume is dir rc'nsing, 'as in com- 
pression, and a positive value of ~ is tlie ralr of rejection of heat 
by the gas to tht^ cylinder walls. 

Let dQ be the small quantity of h('al given to th(' gas during the 
small change of j)ressur(' and volumi', and dT tht; corresponding 

change in temperatur(\ them ^ will l•(q)r^^sent the rate at which the 

exx)anding, gas rtK;eiv(^s h(‘at per null change of volume. Also the 

rate of heat reception per second, during thc^ short interval of time f//is 

dQ dQ dv dQ 4. i 41 4 

-r- X volume sw(M)t nv the piston pt‘r st'c. 
dt dv dt dv I * I t 

Now a pound weight of ])('rfect gas follows th(' law 


pv ~ HT, or T 
by diflcTcntiating, We hav(^ 

dT 1 / dp\ 

-- wip +vj-\ . 


. ( 11 ) 


Again, wIkui heat dQ is given to a pound of gas for an infinitely 
small chang(i of state, the (‘iiergy equation is 


dQ - p . dv + C\ 
dQ ,, dT 


dT, divide bv dv, 


Substitutincf the valui' C , 


, and tlie value of , from (11), 


from which, 

dv a2) 

the rate of rciccption of heat by the gas per unit change of volume. 

If y is kijown for the gas, and th(^ valiK^^ of p and v, given on the 
indic»tor aiagram, tlie rate of gain of h(‘at by the gas may be 
calculate’d. 
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»SiiK‘(^ th(^ expansion oi' uojiipiwssion curve follows the la^^^ 
2> . 4’, a consiaut, hy rliifcrcutiatiou, \vi‘ obtain 


fl}t , , 

-- 1 .y. . 


0 , 


(Ip up dp 

]i(‘nc(‘ — , or u . - - -up, 

dv V dr 

and this value- l■('dlu■.(‘s (-quation (12) to llic tonn 

<1Q. 

<Tr 


1 \ y- »■ 

j:.pyp-»p) - ^ p 


■ (i-l 


or, 


dQ 


— U V u 

, p.dr ^ e/ir 

r ' y - 1 


That IS, for a vcr\ small addition of lu“a1 , tlir mcicasi' in tlu^ 

inti'rual c'lU'r^y of ^as is- . work doni* on th(‘ ^as ; and tor 

y dt^ 

adiabatic expansion or t oinjircssion u - y. and — - - d, wJiich is 
obvious. ^ ^ 

Alternaiirc. To iind th(‘ total hc-at, Q, r(‘C(dv(‘d or rejected by 
11b. W(U^lit of gas during an o|)(‘ration in which the Change of 
state is from p^. Tj. 'I\, to yo, (‘Xjiansion or conipnvssion, 

according to th(‘ law p . r'' -- a constant 

Q -- (^xt(‘rnal work done* -i-- chajigi‘ of inttu’iial eniu’gy 
For a very small c‘haiig(‘, 

dQ -c/.Tf 

^ p .dv A- (\ .dT 
The total heat change is 


and becomes 




Q - (T,- T,) 


For a p(‘rfect gas, 

C\ 


■ and T ^ 

^ 1 , and J, , 


so that T^- ~ {pp '2 - 

Substituting, w(^ haA c 

Vd\ ~ VjAA 


Q 


l>- j 


- [Vd\-p-^h) 


1 

n- 1 
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71- i )» - I 

’ Q ■ ^ 1 ^vo^k (lone (luring tli(‘ ehangi^. 

y — 1. 

For an infinitely small change, \V(; obtain as above (III) 

.7/. ... .7.. )'-« .. 


dQ = >, 77 . (/(’, OT-J-- ' . j). 

y - 1 av y - I 

The latlej* expression gives tlie rate of lu‘at rec(‘j)tion or ivjeetion 
])('!’ unit- change' of volume at any point on a pv diagram. Thus, for 
part of the ex[).‘insion (uirve after the .steep slope of the* explosion 
])('ak of a gas engine indic'ator diagram, by plotting log p and log v, 
the value of 7t is obtained (p. 8). 

The rate' of h(‘at- r(‘cu‘pti(,)n per second 

dQ dQ dc 
dv dt 

dQ y-H , , 


lieeonu'.s 


p /: Volume swi'pt by the piston piM' second. 


Example 9. SnpiK^so at pari ot itio expaiibioii riir\e of uii indicator 
diagram from a gas ongiiio tho law is found to bo p r' - ' ■ a (‘unstaiit, and the 
ratici of tlio spO('iii(‘ heats of tJie inixtiin' is y 1-37, tla'n (13), 

(IQ I -37-- 1-3 
dr 

winch i.s positive, and tliercdoie the gas is reeeiving lu'al. Xow, if the jnston 
sweeps out 72 oiib. ft. per nun. wlu'ii tho absolute iiri'bsure on Ibis expansion 
enrve i.s 200 lb. pi'r s([. in., wbnl is the rate ol heat rcH'eption at this instant ? 


■re t he cJtangc (if culumc' |)cr second is - 
when 77---'200 X 14411 ). iK'i'sci.ft. 

(io v-u dp 


1-2 cub. fl. per sec. 


Hene. - f ^ X 144) l-2fl.,-Ib. 

dt V I dt I 1 per second 

= X or 4 G7 CMl.U [rer second. 

37 1 400 

Th(^ relative slo]ie of the isothermal and adiabatic lines affords 
guidanci'! in each ca.se. 

If the index, ??, for the expansion curve is loss tlian y, the slope 
(jf the curve is not so htc'cp as the adiabatic, and the gas is receiving 

h('at, ^ is positive ; but if ii is greater than y, the expansion curve 

lias a steo]>i'r slope than the adiabatic curve, and the gas is losing 
i ^ dQ . 

lum, — ^8 negative. 

(tv /!/} A 

Whim 71 =• y, “ 0. the curve is adiabatic, the gas nedthor gains 
• dv 

7- -(S434)‘ 
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nor loses heat, and it does the work of expansion at the expense of 
its stock of internal energy. When n = 1, the expansion is isother- 
mal, and the Jieat received is equal to the equivalent of the work 
done by the gas, while its internal energy remains the same. (See 
Fig. 26.) Operation from C. Whereas, during isothermal com- 
pression, the rat(i of hc'at rcjeciioii will be equivalent to the rate at 
which work is bc'ing done nporh the gas. l 

Also when n for the compression curve is less than y, heat is take(n 
from the gas ; and if n is gic^atcu* than y, th(^ h(‘at rejection will lie 
negative, and the gas vill be rec(‘iving h(‘at during its compression. 
For exami)le, if the law of the comj>ression curve is ^ 

constant, and y = 14 for the gas ; from which ^ — ()-375p. This\ 

is the rate at which the gas is giving out lu'at per unit decrease 
of volume. 


Example 10. An inn^mal ( omlmslion iias tlio iollowing'diiiUMisinns: 

diameter of cylinder, 22 in. ; stroke, in ; compK'ssion ratio, Jlkf). At the 
end of the suction stroke the ])iesMirt‘ is 14 lb. pei S(j. in. and the tcanjierature 
is 43 ’ C. Compression follow s the law - (\ 1 )ebM'niine (n) ihe [irossure 

and temperature at tlie end of coinjnession ; {b) 1hi‘ wi'if^ht of the charge; 
(c) the woik done ; and {d) tlie lieat rejected during eoiniirossion. Assume 
the specific heat at const anl pressure to be 0-23S and at lonstani volume to 
be 0-lGl). ( I'.L., li^Sc. {Eng.), 1021.) 

■238 

Given y = ---- — l -4()8 ; 

■ioP 


and R - - C\) J - (-238 - -IbO) 1400 - 9G-6 ft.-lb. 

The sectional area of cylind(*r — 77/ - = 380- 1 sq. in., and stroke 


volume = ^ X ~ 0-G cub ft. ; also el(%arancc volume from 

144 12 (j.(. 

compression ratio = c.nb. ft., lioiice total volume of 


cylinder is 7-128 cub. ft. ~ volume of char(;('. 

Ti = 273 + 43“ (' 310“ C. (absolute). 

(b) Weight of the charge 

Pii;, (144x14)7-128 


ll'l\ 

(tt) During compression, 


.j«.ox fie- 


j), . or ^>2 = l>i ^ 14 (13-5)1” 

Taking logarithms, 

log ^2 = H = '2 69468, 

hence ^>2 ” 495 1 lb. jicr sq. in. 

1.37-1 

also T. = T. , = 316 X 13-5« 

2 1 ft 

= 827-77° C. (absolute), or 554-8° C. 
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(c) Work done during comjuession 

_ _ I44j4%-1 X •528-14 X 7-128) 

1 1-37-1 ■ 

« 2,!«)0 


(d) Since y '■ n, heat is n^jeeled, and 


44 03 C.H.U. 


Q — -T X H(‘at (iiuivaldit oi‘ woik done. 
y-\ 

Therefore, heat rejected during eoiiij)ressi()n 


1-408 - 1-37 
1 -408 - ] 


X 44-03 ^ 4-185 0.14.11. 


A 718 wer. 


Example 11. An- at a tt'nii>eial-iire of 5!! h\ (15 C.) is rompres.soil in a 
(‘vliiulor from 15 1b. pn'ssiire (absohifo) to 120 lb. pressuro (absolute) per 
square iiicli. Tlie et| nation ot tlie coinpression rurve is -- uonstant. 

Find the work done m (‘oiiipressing a pound of air, and tlie heat that escapes 
through the cylinder walls. {V.L, li.So. {Eng.).) 

Here - 15" + 273 - 288'-' 0. (absolute), 
and Pi = 15 X J44 lb. per sq. fl. 

Now by tho (4iara(-t(‘i'istic- eqiiiitii)U for I 11). of air, -- 9(1, 


90 X 288 


' 15 X 144 

Work dono in t-oiii])r(‘ssion is 

m'- cs'x- 


— 12-8 eub. ft. 


8'- - 1-51572 


144 X 15 X 12-8 ^ . 

. ..r- . f<--l 


1-25-1 

honce W = 4 X 144 X 15 x 12-8 (1-51572 - 1) = 57,034 ft.-lb. 
Heat equivaU'nt of work done on the air 
57,034 _ 

1400 ■10 <4 C.H.U. 

By (14) (p. 87), the heat rejected by the air during coinprcasion is 

Q = — ? X work done. 
y-1 

Substituting values, 

. I -4 _ 1 .OK 

. (/ = r- ^ X 40-74 C.H .U . 

1-4-1 
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Hrat rejected 

^ V!* X 4()-74 - ^ 40-74 

f 04 S 

15 28 X 1-8 27-5B.Th.lJ. 


15-28 (Ml.U. 


A nswet . 



Otherwise, as a cli(‘ck, ilu^ voIuiik' afOu* eoinpvc^ssion may be found 


since 


Ps ■ >'‘1 ~ 

• t 


12 S 

""‘l ^’^^ 5-278=-"-" 

then, work done, 


- I - 


„ ri',-IV, _ l«(12" > 2-125- 15 X 128) 
n-i 1-25-1 

^ 4 X 144(291 - 192) -- 57,024 ft.-lb. 

- 40-73 O.H.U. 


and heal rejected 

g X 40-73 -= 15-274 C.ll.U., or 27 49 B.Tli.U. 

Example 12. Air at 00" F. and atmosplionc y)icssiiro (15 11>. por sq. in.) is 
expanded adiabatieally till the pressure is 2 llj. per sq. in. Tlie air then 
receives heat at c-enstant pressure until its tcMU] km atun^ ih aujain 00" F., and 
is afterwards coinpressiKl adiabatictdly to the iitinosplierie ])ressuro, and 
exhausted at that pressuie. Find the temperature at (‘\haust and the boat 
rejected in the exhaust iier unit of work done. A'-Xc. (Eng.).) 

Given - 00" h 400" - 520" F. (absolute), 

take y ~ 1 4, ^ and (\, - 0-238 

^ y 1-4 7 

In adiabatic expansion, ah. Fig. 28, 



P}, ^ If) ■' 292-4“ F. (abs.) 
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Heat received by 1 lb. air at constant pressure, during be, 

^ 0-238(520° -2924") - -238 x 227-6 = 54-17 

t B.Th.U. 

Adiabatic compression, rrf, 

/I5\'.^ ' 

Ta -- 520° o M ^ ^^24‘7° F. (al)s.) 

V ^ / - 460” 


tempfu-aiun^ at cxiiaust 464-7° 


A vswer. 


Or, since the adiabatics ah aud rd an* l)(*lw(*en the same constant 
pressures, we have 

T , T T 520 

Vr t\' '■ 2 !) 2 - 4 ^ 

The heat rejected by 1 lb. of air in tin* (*xhaiisi , at constant pressure 
(luring c/flr,,is 

--- ()-238(921-7 -520 ) - 96-32 BTh.lJ. 

The woi-k doiK* on I lb. of air during this complete cycle in the 
(■uunt(‘r cl()ck\vis(‘ din'cliou, is r(‘prt‘S(‘nt(?d by the an-a abed, and is 
If - Q, - Q. - 96-32 - 51 17 - 4215 B.Th.U., 
('fjuival(‘nt to 42-15 X 77S -- 32,800 ft. -lb. (nearly). 

/. llu* lu‘at r(\iect(‘d in the exhaust per unit of work done is 


Otherwise, we may iind tin* \oluin(‘s of 1 11). of air at the state 
points a, h, c, d, and calculate* tin* work doiKi in ('ach operation — 
TBc volume of 1 lb air at 60° F. and 15 lb. ])i‘r sq. in. pressure is 

RT, 53-2 : 520 . . 

:: ^ ^ - 12-81 cub ft. (a])prox ) 

In th(* adiabatic (‘xpansion, at). 


54-0 L cub. ft . 


At constant pn-ssun* on he, avc have ~ ^ 

7 c ^ h 

V. 520 X = 96-06 cub. ft. 

292-4 

and the volume*, aft-f*r adiabatic compression, cd, is 


96-06 X 


“i ^ 96'06 X*( jTj j - .22-77 cub. ft. 
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Hence the work done by 1 lb. of air during adiabatic expansion 
ah, represented by the area under ah to Zf'ro pressure line, 

144 f 

is “ 0 - 4 ^^^ X 12-81 - 2 X 54 - 01 ) - 30,280 ft.-lb. 


also, during ('Xi^ansion hr at constant pressures 2 lb. per sq. in., the 
area under he rej^resents tlu^ w^rk done hy the air - 

144 X 2 ( 96 -(K)- 54 - 01 ) 12,1 10 ft. -lb. 


Again, the' Avork done' on the air during aeliabatic ce)inpre^ssion cd 
ia shown by the^ ai’e^a under aJ le) ze*re) ])n\ssiire, and is eepial to 


144 


c^UVdY ‘ 

= 360 < 102 ( 1-7783 


< 2 
1-4 


X 06-06 
~ 1 


IS) -'I 


1 ) ^ 53,800 ft -lb.. 


and during e'xhaiist da at (ejnstant pre\ssure 1511). ])t‘.r sq.in., the 
work done on the air is r('])ie‘S(‘nteHl by the ren t angular Mrea under 
da, betwceui e)rdiiial('S drawn fre)ni d anel a, and is eapial to pre'.ssure 
X change of ve)lunie', 


144 X 15(22-77- 12-81) - 2160 ' 0-06 -- 21,513 ft. -Ih. 
net work done on. tlu‘ 1 lb. of air, re'presente'el by the are^ abed, is 
53,800 + 21,513 - (30,28 ) [- 12,1 10) 32,023 

32 023 

and equivalent to 42-32 IkTli.T (ne^arly). 


Hf'ne*e the heal re'jected in the exhaust, jxt unit eif work done, is 


06-32 

3^3 


0-002026 irrh.r. p,w ft -ih. 


1 nmoer. 

t 


EXAMPLl^kS 111 

1. Find tiip volume of il 11) wi-iLrlit ol ^Jis ut ])rr‘ssurc' lloll). jicr sq. in. 
absolute, and tompcnit ure o!) F. Take the spoedie beat at constant yiressure 
as 0-2404 and at con.stant volume n-172 per lb. vvei^dit. 

2. A pound of dry air at 15-5 (\ and 1 4-7 lb. per scj. m occujaes KbOO cub.ft. 

and is comyiressed adiabat icall v (/n-'"' (•on^^|.ant) to f)ne-riltli ot tins volume. 

Find {a) its pressure aral t (Mn|)erat ure at tbe end ol conqjression, and [h) the 
pres.surc at tbe reiluced v-olume v\lien tin- air is c-ooled to 15-5 ( '. 

3. Oni" cub. ft. of gas, at 300 lb. f)er sep m. absoiulc’, expands to 5 cub. ft. 
according to tbe law pr^ “ constant. Find tbe prc.ssure at tbe end of 
expan.sion and tbe work done l)v' tla- gas during c-xpansion. 

4. Find tbe temperature at tbe end of cornpri-ssion vvlien air at 70’ F. 
(21-1'^ C.) IS comjuessed trom 15 to 0)5 11). per sip in. absolute. Assume 
n - 1-35. 

5. A cubii; foot of gas, at })ressuie 300 lb. pt'i'scj. m. absolute, expands until 
its y)ressure is 00 11j per sip m. ab.solute. Die law of (*x})ansion being 

— con.stant , find tbe work done by the gas during (-xpansion. 

6. In an air coinyu-essor tbe an is drawn m at a tomjieraturo of 60^’ F. and 
pro.ssure 1 4-7 lb. ])or sq. in. absolute. I'Ik' air drawm in ])ca- stroke i.s 12 cub. ft., 
and the final pressure is Ot) A), yicr sq. in. absolute. Find tbe wark done during 
compression (a) if the air is coinpreH.sed isotbermally ; (/)) if it is coiliprossed 
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adiabatically. In the second case, find tlio tornperaiuro of the air when the 
pressure reaches 901b. absolute. (U.L., B.Sc. (Eng.).) 

7. If 10-2 cub. ft. of air, at pressure 141b. per sq. in. absolute, be com- 
pressed isothermally to 1-7 cub. ft., wliut is (1) the pressure at tlie end of 
compression ; (2) the work done on tlie air ; and (3) the he&t taken from it ? 

8. Twelve eub ft. of air at 14 lb. per sq. m. absolute and 27° C. is compressed 

to 1 eub. ft. Tlio coiii})rossion law - - constant. Kind (c/) the pressure 

and temperature at the end of compression ; (b) the work done in foot-pounds 
during; compression ; and (c) the amou^^t of heat received or rejected by the 
air to tho cylinder walls when y 1*4, • 

9 Ten cub. ft. of air nt ;)0lb. ptT sq. in. absolute and 05° K. are expanded 
to 4 times the original volume, the law for expansion being pr^ — n constant. 
Given that the specific h(‘at iif air at constant volume is l3()-3 ft. -lb. per lb., 
and at constant pressure 183-4 ft.-lb. jier lb., find (u) the temperature of the 
air at tlie end of cxiiansion ; (h) thc^ work done in foot-pounds ; (r) the amount 
of heat whicli must have bocai given by or been ri^jected to an external source 
during the expansion. ( [J.L., B.Sc. (Eng.) ) 

10. Air at 00 ' F. and pressure 151b. jier sq. in., is compressed to 75 lb. per 
sq.m. absohif.(\ and 1 he compression curve is pr^-'^ constant. Kind the 
work done and bent rejiM'ted ]ier pound ol the air during compression. 

. ■ (IJ.L., B.Sc. (Eng.).) 

11. A cvlindc'r (-ontains 0-5 cub. ft. of gas at ])iessure 15 1b. yier sq. in. 
absolute. What wmk in foot-yiounds is expended lu com]>ression to 90 lb. per 
sq.m absolute* il tlu* c omjiression curve follows tho law pv^ - constant ? 
What is the volume aft(‘r comjiK'ssioii ? 

12. The lu'essuK^ is I 00 Ih. per sq. m. absolute when gas oeciqnes 1 ft. length 
of eyliiider, 12 m. m diameter. W'hat work is done by the gas kept at constant 
teinjjerafnra in driving tlie jiiston througli 2ft. length of stroke, and what 
amount of heat must bo given to tlie gas ? 

13. One pound of air, at atmospherie })re.Shure and 00 K., is eompressed 

adiabaticallv to 0 atmospheres , find (a) its tenqieratnre and the work done 
b^' tho [Himp. It IS now allowed to cool at tins ])Tessarc donn to 60° F. ; 
(h) what amount of heat is giv(*n out, and what- further woik of compression is 
tlone ? If the final state had been hronght about by isothermal compression, 
(r) what work would have bi'i'ii done by the ymmp V Specific heat of air at 
cmistant pressure* 0-23vS, at constant \olumc 0-109. ( B.Sr. (Eng.).) 

fl State ami prove tlie- relation existing belw'Cen tlu* syiecilie beat of a gas 
at constant prc'ssnre ami eoustant volume, ami the eharaelerisl ie. constant 
for a gas. 

If one-i-enl-h of a pound of gas m-euiiies 1-345 cub ft. at 15°('., and 15 1b. 
l)(‘r sc[. in., ami if after adiabatic compression to 0*5 eub. ft. tlu*. pressure is 
iiO'9 lb. yier sq. in., wdvat is the value of tlu* sy)(*eilic heat at coiivStant pre.vssuro 
of this gas ? (r.L., B,Sr. (Eng ), 1925.) 
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IDEAL REVICUSIHLE (TCLES 

Carnot’s Reflections on the Motive Power of Heat. In 1824, Sadi 
Carnot publislual tlio (‘xlraordinary essay, of nunarkable insight, 
entitk'd RejlcdiohH oh the Moiirv l^ou'cr of II vat, containing tlic! 
fundamental prin(‘i])h‘S from wliieli thermodyriamies has b(‘en 
doveloiKMl.* 

('arnot eoneidvcMl a closed, reversible cycle, in wliieh th(‘ Avorking 
substance re(‘eiv('S lieat only at the higher eonstajil t(‘m])iTalur(‘ of 
the hot source., wh(‘]i (‘xpanding and doing t'xlenial AA^ork, is cooled 
by adiabatic (‘xpansion, gives out heat only during isothcrniaJ (‘om- 
pr(‘ssion at th(^ lovv(‘r constant t(‘inp(Tatui‘(' of tlu^ condenser ; is 
th(!n rais('d in ttMiijUTatun^ by adial)atic cojnpi‘(\ssion, and brought 
back again 1o its initial stab* of volunu*, t(‘mp(Matiir(‘, pn^ssnrr and 
physical pro|)ertii\s, so that, h(‘ stat(‘s as an axiom, the Avorking 
substance' must contain the' sanies (juantity of luMt as it had 
originally. 

In Carnot's ideal emfuie the piston and (‘vlimh'r are' sii])j)(lseel to 
be perfect non-eamduclors, absolutely imperviems to luait, but the 
cylinde'r is litteal AAnth a ixalcctly e'onducting (‘ud. The' Ave)rking 
substaner is change'd in tcmi)e‘rature‘ only by rapid adia])ati(‘ (‘X])an- 
siem anel compre'ssion, AAith a perfee-t non-conelueding ce)A er eai tluj 
(‘ud of the' cylindeT, so that the'ie' is ne) transfer of lu'at, e'xe-e‘i)t AA'hilo 
heat is be'ing n'cedveal lre)m the' source ea' hot body at te'ujpe'rat lire' 
and rejc'cteal to the'. O'frige'rator eer colei condenser at Bedli^ed 
theses bexlie's must have' inlinite cajiae-ity for lie'at, in ortk'r that 
each of the'in jpay remain at e'xae*tly the* same' ceinstant teanpe^rature 
as the AAXirking substane*e eluring its isedhe rmal e'Xjiansion and e emi- 
pr(\ssion aa IuIc the^ transfe'r of heat is taking ])lace' th re nigh the 
peu'fectly ceindue-ting enel cover eif the cylinele'r. 

In 1834, Clape'yrem toe)k up CarneiCs weirki and made the' siippeiseal 
change's anel transfeirmatiems during the* eyele; e le'are'f, by an indi- 
cator diagram, Fig. 21), 

Carnot’s Cycle, with a Perfect Gas as the Working Substance. 

Take I lb. AVe*ight ol a peirfe'ct gas as wea king substance', in the 
cylinder, anel h't A, Fig. 21), re^prcsenl the* state as re'gards pre'ssurei 
and volumes at absolute te'Tnpe*rature* 

* Sadi C^anioi, ]!('/h riatis sur Id jvosstoirr ni^flnrc flu feu rt ftur les mof/cnit 
proprv.s () Id (h'vrldpju f (Pans, 1S'J4); or, “ 4’lu’ Alotive* Pov^cr of Hi'iii ” 
(with a l)]oprrapl)i(‘al skotcli ]>y a brother of ('ariif)l), liaiislalcd and ('.dilrd 
by li. H. Tburslon, IS9(). 

t Stui “ Mnuoirc .sur la puismnre moirhe du Jvu," in lli(i Jdurnal He Vecole 
Polytccknifjuc ,Tomv K\V (183^4), or Translation in Taylor’s SrimUfic Memoirs, 
Part Til (is;i7), p. 347. « 
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(1) Isothernml Expansion, with the condiKititig end of the cylinder 

in contact with the source or hot body at the higher tcuuperature T^. 
Allow the gas to (‘xpand along the isothermal AB, Fig. 29, from 
volume to ^’2 receiving heat at constant* U^mporature. 

The external work dom^ hj/ the gas in driving ilic piston is r(‘pri\sented 
by the area A Bba, and c([i. I to th(^ lu'-at rc'ccived = RI\ logf r, 
while the tcm])(‘i‘aturc and intc'rnal^ciuu’gy of thc^ gas remain the 
same. • 

(2) Adiabatic Expansion, BC\ Avith tlic non-conducting cover on 
the cylinder end, the gas (^x])a,n(Is adiabalically, doing work on the 



FlCl, (iAllNOT C’vrLK AVITII V PeRT'KC'T (i\S 


piston at tlie cx])eiise of the inlernal cncfgy of the gas. ( -onscq luaitly 
th(‘. tenip(*ralurc falls from Tj to the loAvcr tc‘m])cratur(' at (\ 
Fh(‘ ]m‘ssun* and volunu'. an* noAV and and the (‘xl(n'nal work 
done by the gas is nqm'siaited by tlu^ aixai B(U'b, and is equal to 
R(T ~ TA 

' ^ Avhich is also th(‘ chang(‘ in inti'rnal energA^ of the gas. 

y- 1 

(3) Isotlurmal Co}aprcssioH, (D Bring the conducting end of 
th(' cylinder into diri'ct contact with the cold body or combrnser 
at Forc*,e the ihston sU)wly iinvards until tlu' stat(‘. point D of 
the gas is on the adiabatic curve through A. Th(‘ ^^(^rk done on the 
gas is RT^ log^ r, rc])res(*nted by area ( I)dc, and is (^qual to the heat 
rejected, Q., ~ RT, 2 , log/ r. 

The adiabatic drop in tmnpcratiire from B to C must be (‘qual to 
th<‘ ris(' in tcnqKaature from D to A ; that is. 
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(4) Adiabatic Compression, DA, Again, put the non-conducting 
cover on the cylinder end, and force the piston rapidly inwards, 
compressing the gas adiabatically from Dio A, until the temperature 
rises to the oViginal of the hot body. The pressure and volume 
arc now 2^1 a^nd ; and the additional work done 07i the gas by the 

R(T - T ) 

piston is rcpresent(‘d by the area DAda, equivalent to - ^ ^ 

which is a);So the gam of interJ^al (uuu'gy of th(^ gas. 7 ~ ^ j 

During adiabatic ex])ansion and eom])ression, no lu^at is ri^ceivedl 
or rejected, and, on tlu^ n'hol(‘, there' is no eluingc^ of internal energy\ 
since the external work doin' by tlu' gas, rej)res('nted by the area \ 
under BC, and the work done npoih it by flu^ area under DA, aro 
R(T - To) 

each equal to ^ - -- for the sanu' e-hange of l('niy)orature. 

y~\ 


During the whok' cycle', lh(' hc'at recidved by Ihe 1 lb. weight of 
gas at Tj from the hot body is ^ f\l\ log; r, and the heat 
rejected at To to th(‘< cold body is Qo — RTo log^ r. * 

There has been no other transfer, h'a-kage, or waste of heat energy 
to or from the gas, w'hich is brought to its original state, having the 
same temyx'rature, internal emn*gy, ywessure and volume as at the 
start. Therefore, the dif[(‘renee 


Qi-Q, - hV\-T,)\o^, r 

is the net amount of heat that, has disajipeared as heat, and must 
have been converted into th(‘ net ainounl of (‘xternal work done 
by the gas on the ])ist ()n, and repres('nt(‘d by the area A BCD of 
the diagram. 

The thermal efficiemy of t.fu' Carnot id('al eyclt' is thendorc^ — 
Work don e (IF) _ Q, -Q, R{T, log, r T, - T^ 

Heat received in\\ogf^r 7\ 

that is, work donc^ 

w = T,) 

gives the largest fractioii of th(' h(‘at ri'ceivt'd from the hot body 
that can be convc'rb'd into work, and tliis d(‘])ends only upon the 
temperature limits at which thc' gas rect'ives and rejects heat. 

The heat is hd, down through an engine from a source at a high 
temperature, and sonu“ of it is rejectc'd at a 1 ow(t temperature ; 
the only (diang(' of tempe^atu^^ Ix'ing adiabatic. 

Carnot’s cycle is reversible, that is, whe-n the working substance 
is forc(^d to pc'rform the same o])erations' in the opposite din^ction, 
i.e. counter clockwise, tlu* same /n? indicator diagram is traced, and, 
by the same net work ex])ended, th(^ same quantity of heat is taken 
in at the low' timiperature and rejected at the higher tmnpevature. 

Starting at state A, thf* gas is cook'd by adiabatic expansion from 
Tj to 2\ at D ; and, by isothermal (expansion from D to C, the gas 
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takes heat from the cold body at tt^mperature Tg, while doing 
work represented by BT 2 log^ r, or the area DCcd. Then adiabatic 
compression CB raist^s llu^ temperature of thc^ gas to 7\ ; and by 
isothermal compr(*ssion BA, the gas rt\jeets ht‘at Q\ at the higher 
t(‘mperature T-^ while irorh is done iqwn the gas (^qual to RI\ log^ r, 
or the area BAah, and the gas is r(‘stiored to its original slate at A. 

In this n^vers(^d ey(‘l(', on the y;hol(‘, then^ is no change of the 
internal eiKTgy of the working gas ; tlu^ area of th(‘ diagram A DBG 
indie at es the net amount of 


Work spent upon the gas — B{7\ ~ T,) log^ r, 

whilst heat extracted at 7^2’ body, is ET^^ogf. r, 

and r(‘ject(‘d at high(‘r ((‘inperatim^ Tj, to hot body, is —-RT^\ogf r. 

Hence the transfers of h(\at arc^ exactly reversed, and, during the 
serh's of stages, the states of the gas are precisely the same in 
pressure, volume^ and t(‘in]H‘rature as when working direi't. In the 
reverst'd engine tlu' work spe^nt upon the gas is ecpial in amount to 
the work ^Ahicli the gas does on the piston in direct working. 

The 'performance of tlu' ideal Carnot h('at engine reversed is 
mcasur(‘d by 

Heat extracted from cold body ^ 

Work expemded R{7\ - Tgj log/:, r ' 


hence 


Work spent 7\ - To ’ 

(f, — Work done X 

^ 1 "" 7 2 


that is 


( 2 ) 


Jhis reversed heat engine^ is also an id(‘al refrigerating machine, 
and, by the cons('rvation ot en(‘rgy, — Qo work done in driving 
the machine. In othc^r words, the ((uantity of heat rejected to 
the hot body is equal to the heat Qo, reecdved from the cold body, 
addc'd to the work spemt upon the gas. 

Carnot’s Principle. Keversibility is the sole test of perfection of 
a tluTino-dynamic engine. No engine- can p(*rform more work from 
a given quantity of heat Avorking btdwi'on the same limits of tem- 
])erature, or a revc^rsible engine has the highest possible theoretical 
efficiency. 

To prove this : Su])pose, if ])ossible, a heat engine, S, to bo capable 
of doing more- work from a gi\'en quantity of heat than a reversible- 
engine, R, working bedween the same temperatures of source and 
condenser. 

Couple the two engine's together as a com})ound engine, S working 
direct and R reversed. R needs jiart w only of the work w + wq 
given oMt by S, to be able to ri'store to the source the heat received 
by S. Thiis, during each cycle of the ctimpound engine, the heat 
rejected .to the source by R is equal to that supplied to S, while 



98 


APPLIED THERMODYNAMICS 


work is done. This would go on continuously. Even if we 
suppose no mechanical friction, heat must have been spent to 
perform the work and this heat could only come from the 
condenser or f^old bod3^ The quantity of heat in the source or 
hot body remains the same, while that in the cold body must be 
diminished indefinitc'ly, and work would be done continuously by 
the transfer of heat from th(‘ coldest body. This result is contrary 
to all experfmcntal evidence, and to the axiom stated by Clausius : 
“ Tt is impossible for a s(df -acting inacliinc, unaided by any external 
agency, to convey Invat from a body at a low tempi^rature to one at 
a higher temp(‘rature.” Or by Kelvin : “ W( cannot transform 
heat into work merely by cooling a body aln^idy below the tem- 
perature of the coldest surrounding objec ts.”* 

Th(‘S(‘ statenKmts of th(‘ sca-caul law" of tluTinodynamics agree 
W'ith the facts of ex})eTience, and ap])iy to Uk' performance' of work 
continuously by heat engine's Av^ea-king in complete' cycle's. 

The^ second law governs the transformat iem e)f Iw'at inle) Averk, anel 
gives the greatest fraction of the total heat snjtjdied to ang heat engine 
that can be converted into work done on the inston. 

The'refere' ne) emgiiu' can Jiave' a higher tliermal e‘l'fie'ie*ne‘y than 
a reversible' erne*. It f()lle)\\s that all lu'at imgine'S, with ])(‘rfe‘ctly 
reversible' e‘\e‘lcs, re'ce'iving and r(‘je‘e*ting liesit at the' same' liiglu'T 
and lowe'r tcmpe‘ratu]'(‘S. Jiave' the' same' e^hie ie'iiey, whe'lher air 
or other gas be use'el in tlie'in. The^ ellie',ie*ncy of a re'vc'rsible^ (engine 
is inde'pemde'iit eif the' nat ure* oi‘ ])hysical ])re)pe‘j'ties of the* werking 
substance*- eunple)ye'el, and ele'pe'nds solely on the* temperature's 
between AAdiich the e'ngine* AN e)rks. 

Tile gre^atest amount ejf work Avliieli e*aii be e)btaine*d from 
units of heat re'ce*ive*el by the^ Averking sul)stance* at absolute te'^rn- 
perature 7 \, and re'je'cting lieat at abse)lut(* te'inpe'ralure is 


( 7 ^ - 7 ^ t 
^ 1 

Carnot pointed out the conditions necessary to attain j)erfection, 
the eriterion being e onqile'tc' re*\"e*rsibility in all the^ e)peratie)ns of an 
ideal heat engine- 

(1) Heat is only take‘-n in and given out by the*, working substaiie;e 
at the higher and lowe'r te'inpe'ratnre's be'twa'e'n which the engine 
works. In this transfe'r of lie'at the Averking substane“e*, must be* at 
the same* te*m])(*raiure* as the hot er ce)lel be)ely, anel there must not 
be any direct intercliangei of lu'at be-iwe'e*!! the; flniei and beidies at 
sensibly different temperature^s. Tlu're* inust ne)l- be^ any gain or 
loss of he*a1 by contact Avith the* e*ylind<r walls, e)r eliie to internal 
friction or viscosity e)f the iluid. 

(2) ( -hange of tempeu'at ure* must only be^ due^ 1-e) change of volume, 

* vyTTi. ThoiribOTi, on tlio J)yimniu nl TJie-ory of Heat,” Trans. 

Roy. Soc. Edin., 1851 and May, 1854 ; ai\d Phil, 7Vam'./l854, Vol. 
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and the pn'ssiirc on tho piston must be (exactly balanced by rc^sis- 
tancf», so that there is to l)e no fn^e expansion by sudden changes of 
pressure which produce dro]) of t(unporatur(‘, or throttling in 
(‘xpanding through a valv(‘. Eushes and e^ddying niotions, which 
are dissi]iated in lusat and cause waste of energy, are^ not nwersible. 

Carnot’s Cycle, using Vapour as the Working Substance. Consider 
th(' id('al perfect heat engines working on tlve Carnot cycle and using 
1 11). of saturat(‘d vapour, namely, vapour in contact with its own 
licpiid. At A, Fig. 30, 1 lb. weight of water or other liquid occupies 
w cub. ft at the boiling point 1\ undi'r the correspondJiig saturation 
pressure' Tfe'at is a])])he'el at this constant pressure until the 
wholes pound of liepiid is turne'd into vapour occupying the volume 
CcTib. ft. at B. The' he'at re'c-eivesl is the late*nt heat, of the 


vax)e)ur at this pi-e assure', TTiei iso- 
thermal e'xpansie)!! follows the hori- A B 

zontal liiHi A B at ce)nstant pre'ssure'. ^ ^isothermajJ^ 

Thc'ii the dry saturate'el vapour is ^ Ife ; 

e'xpande'd adiabaticall}', reducing the g '\^ 1 

pressure' until the le'ni])erature falls to a: | Isothenmaf. 
that of the e'onde'iise^r, that is, Ihe* \ D 7^| C 

lowest temperature' of the availal)lc Volume . 

c'ooling water in a condonse'r. The 
vapour is w(‘t aloriR tl.e adiabatic BC. 

, , ,, r . ^ AJ'OlTIt AS rilK WOKiaNO 

Jxext isothermal (*ompre‘ssion, CD, SriiSTAxo; 

at constant lowe'r pressure and tem- 
peratures T^. The A'apour gradually eonele'nses and its latent 
heat is reje'cted to the' conde'nse'.r until a point I) is reached, 
such that adiabatic e‘omj)ressie)n e-onele'iise's all the vapour and 
rei^ores the we)rking subslane*i‘ in the liejuid state to tenipeu'ature 
at A. The adiabatie* curves BG and DA of ex])ansie)n and com- 
pression are usually plotted fre)m table's giving the', properties of 


Isothermal . 
D T2\ 


^ Volume. 

Fro. 30. Faunot ('yci.k with 
VaJ-OITR as 'I’llK WOKiaNO 

SriiSTANC u 

('onele'iises and its latent 


vape)urs. 

Since the^ cyclei is revcisiblo and heat L^ is only taken in at the 
higher tennpe'rature^ 7\, anel lie'at re'je'cte'd euilv at the thermal 
T -T. 

eflicit ncy is - ^ - ‘ and the Avork done pe'i* pound of the liquid is 
7 j T - T 

represented by the area ABCD, and equal to JL^ . - \ -ft. -lb. 

1 1 

Sujipose the diffe'rence be'tave'e'ii the' liigher and leiAVer temperatures 
is very small, from T to T - dT, so that dT is the fall in temperature, 
and the corresponding diffenmee in pressure The indicator 
diagram is now re'ducc'd to the narroAv parallelogram ABcd, of 
height dp, since the adiabatics are nearly straight liru's. Tlu* length 
AB of tho little diagram is the difference, V - w), between the volume 
of the saturated vapour V and that of the liquid iv, of 1 lb. Aveight. 

The done in this Carnot cyclic isiecpial to the area ABcd, 

and •becomes nearly its Inught X length, or (5p(F -?/)). The 
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heat taken in during the cycle is L, the latent heat of evaporation, 

dT 

and the work done is JL— ft. -lb. per lb. of working substance ; 
therefore 

dT 

V~w) = JL . — 

In the limit, when 6T is indelinitely small, the relation becomes 

- w) ....... ( 3 ) 


1/ 

or, ,4) 

known as Clapeyron’s Equation, giving tlu^ relation between the 
latcuit heat of any vapour, the chang(‘, in cubic feet of 1 lb. of the 
liquid when vaporized at absolute^ temi)erature T ; and tj;ie rate at 
which the temperature of saturab'd vapour \ aru's relatively to the 
dT 

pressure. The latter is given b}^ the slo])e of tht‘ tangent to the 

saturation cui’ve of temperature and pressurt' at th(‘ given absolute 
temperature, and from si earn tables. f 

The student should plot the tem]XTature-j)r(‘Ssure (urve of 

d'D 

saturated steam or other vapour from tabl(‘s, and find ^ from the 

curve, also L and u\ tli(‘ results of experiments, from tablets ; then 
calculate the speciiic volume of 1 lb. of dry saturated sti'am at a 
few pressures by equation (3). 

The accuracy of results for th(‘. saturation volumes may be com- 
pared with the tabulat(‘d values. Or, the tempcu’atures of dry 
saturated steam may be, lalnm, 2^‘ (\ a])art, and half the ditf(^rence 
of corresponding saturation pressure's in pounds ])(‘r square foot 
gives the rate at Mhich changing per dt'grecv The values of L, 
and w cub. ft. for the mean temperaturi', substituted in equation (3), 
give the saturation volunu*, in cubic fec't, 

Since [V -w) is positives for steam, it folloAvs from equation (4) 
dT . . 

that — is positive, that is, increase of pressure raises the boiling 
point. 

The Clapeyron equation also appli(*s to a change of state from 

d'T) 

solid to a liquid. If a solid (‘ontracts in ^nu'lting, negative, 

CLJ. 

and the melting point is lowered by increase of jxessure. 

From the contraction of ice in melting, Professor Jamt^s Thomson* 
calculated that the melting point of ice would be lowered^ about 
0 0074° C. for every atmoliphere increase of pressure, and this was 
* See Kelvin’fi Mathematical and Physical Papers, Vol. T, p. 156 and p. 105. 
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provod experimentally by his brother, Lord Kelvin. Thus, a pound 
of water at 0°C. changes its volume, in freezing, from 0-016 to 
0 0174 cub. ft., and gives out 80 C.U.U., hence 


(IT 

dp 


( 0174 -. 016)273 _ 

1400 X 80 tJOUiRHmi, 


and if dp be 1 atmosphere, 15 lb. per sq. in., or 2160 lb. per sq. ft., 
dT --- 2160 X -OOOOokl -- 0 0074" C. Karly). 

Also, if the atraospluTie pressure werc^ reduced to a vacuum, the 
water vapour at th(^ melting point would hav(^ a ])r(\ssure of 0 09 lb. 
per sq.in., and ice would melt about 0*0074° C., instead of 0° C. 
When th(Te is no air pressure, tin*- temperature? of melting ice is 



Fiu. 31. Energy and Absoldtk Temppuiature 


known as the triple point, be(;ause water siibstance may the?n bo in 
the three states of melting ic(‘, water, and vapour together in 
equilibrium. 

Again, from equation (3), 




JL 


1 dp[V -w) 
T' 


dT 

T 


( 5 ) 


taking dT as 1° C., and the work done* per unit of heat received at 
absolute temperature T, for 1 lb. of vapour, with tin? change of 
pressure in pounds per square foot corres]3ondirig to a drop of 

temperature 1° C. at that temperature, is simply^. 

Graphic Representation of Energy. The internal energy of a pound 
of gas in the state A, Fig. 31, is represented by the area ADeZaA, 
under the adiabatic curve through J, indc'linitcly produced to cut 

* Soo Steam Power, by Professor VV^. E, Dallt)y, p. 157. Examples of the 
physical properties of various working substances (steam, SO 2 , NH^, alcohol, 

acetone) gave the same result — — or ()*0033 ft. -lb. per unit of heat 

supplied at 30" C. (303" absolute) to 1 lb. of substance for a fall of 
tomperature ftom 30" to 20 ’ C., illustrating clearly that work 'done does not 
depend*on the physical properties of any particvilar working substance. 
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the volume axis at infinity, or absoliit(^ zero. Imagine tho gas, 
originally in the stat-(‘ A as to pressure and voluiiu*, and temperature 
T, if it were possible, to bo ex^miuled adiabatieally, doing external 
work cat tho expenses of its own internal tau^rgy, without gain or 
loss of heat, until its pressure falls to zero, it can do no more 
external work, and (Contains no heat. TIk^ whole of the internal 
energy of the 1 lb. of gas is gi’^dually spent in doing work on the 
piston, and the ecpiations (p. 7(») representing the area 
under the adiabatic, become 

Work don(‘ - K,.T (6) 

y - 1 y - 1 ' ' 

which may be taken as tlu* intenial (auag}^ in 1 lb. of gas in tho 
state A, at absolute txunxicrature T But we know tluit all gases 
would becomes solid and ceastj to behave like ca perfect gas before 
reaching this low teTU]3(aature. 

We have no nicaans of measuring the total {iinount of iiittTnal 
energy stored up in a given quant it}’ of gas or otluT working sub 
stance. We can only measure or (‘stimate. the*, chaiuje of intertial 
energy of a givcui mass of a substance in changing from onc' state 
to another. 

Now allow the state point to mov(‘ from A to B along anf curve 
AniB. To find thc^ eliange of intern.al energy during this opcTation, 
draw through B the* adiabatic BCf. Thc^ int-(unal caiergy of the gas 
in the states B is represcuited by the* arcai BCfZbB , and thc^ change 
of internal energy is the', difTcu’cuiee betwcaui the .areas BCfZhB and 
ADeZaA, which is ind(‘|)end(*nt c)f tlu* shape* of the curve AmB. 
The gas inight liave changc*d from A to B along th(‘. isothermal. 
It follows that the* intc'rnal energy of a substaneci in a givc'ii state 
must always be the same*, and that the* ehangc*. of internal cmergy in 
any transformation dcqx'uds only on the* initial and final ])ositions 
of the state point, and not upon the jiatli. 

But, by Joule’s encugy equation, tlic^ h(‘at absorbed Q — E 
+ external work done*. The work done by tht‘ gas is nqnesentcal 
by the area under tlu' curve*, (*ithc‘r AniBfxiA or ABbaA, dc'pending 
on the path bcdwc'en A and B. In this case t lie external work done 
along the isothc'iinal will bc^ Ic'ss than tliat- along AmB, by tho area 
enclosed between th(‘Si^ paths, in a clockw ise^ dir(*ction. Therefore, 
tho heat rer.cived by a givc'ii quantity of gas during a changes of state 
from A to B is rej)resent(*d on the? pe diagram by the area bounded 
by the actual curve AB oi' AmB and the two adiabatic curves 
through the initial .and final points drawn to infinity. 

The Total Heat of a substance in any state is defin(‘d by the 

equation II -- E f y 

as the sum of the int(*rilal energy and the product of the pressure 
and volunu*, express(*d in heat/ units, eorresponding to the stitte. 
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Thus, on thf' pv diagram, Fig. 31, draw tho constant pressure 
line DM, tlu^n ih(^ total heat of a gas in thf^ state D, as regards j)rcs- 
snro and volinue, is shown by tho sum of tho rc'ctaiigb^ MDdO and 
the area iind(‘r th(‘ adiabatic De7j, or the total an^a MDcZOM. 
Along tlie isothermal DC, for a Y)erfect gas, ~ p.p).,, and the 
heat energy ree(4V(*d during expansion is (‘quivalimt to tlu^ external 
work done by tlu^ gas, DCcdD, whih‘ its internal eiK^rgy remains 
constant. 

For practical piirpos(\s, it is th(" dilf(*irencc between tho (niergy in 
the two states that is consid(4‘(Ml, arid the usual convention is to 
take an arhiirarij zero from which the internal energy of a substance 
is rt'c^koned. Wluui the working siibstaiua^ is a ])erfcct gas, the 
absolute zero of temperature is takcui, and for (‘-alculations on 
inbrnal (annbustion (‘iigines 100“ C. or 0'(^ When the working 
substances is a vapour, like steam, tlu‘ zero teunperature chosen 
corre^spond^^ to 0“ and uneJeu* pivssure (‘qual to its vapour 
pre^ssure^ at that te‘m])(‘rature. (Se^e pp. 41 and 42.) 

Absolute Temperature. In the Carnot reversible engine, as Tg 
is lowered, tlu‘ work area ABC!) of the diagram, Fig. 31 (p. 101), 
iiu'rt'ases until the tcunperature is reduced to zero, when all the 
heat rec(4vt‘d at tlu^ higlior constant temperature is converted into 
work. Since the work dont? can never exceed th(^ heat received, 
there must be a zero limit of temperature at wdiich the pressure of 
the working substance* would vanish This ideal limiting tem- 
perature is dc‘fined as tin* absolute zero. 

By Carnot \s principle, the elTicicncy of all perfectly reversible 
lu*at engines W4)rking between the same limits of temperature must 
b(* the same and equal to (Tj- Tol/Tj, and the work done 


Ik - . 


'K 


This relation, combined with the first law, forma the basis and 
f^X])r(\ssion of tln^ absolute scale of temperaturt'i devised by Lord 
Kelvin and now^ universally adopted. 

the lirst law, ~ W , and the heat rejected at the lower 

temperature 

Q. - - Q, ( 1 - 


that is, 
also 


O T T 

g = and = 

^ a constant . 

1 1 2 2 


( 7 ) 


Thu^yhe ratio “ of the temperatures of the source and condenser 


8 — ( 5434 ) 
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Ib tli(^ sarnti of tho quant iti(\s of h(Nit received and rejc'cicul ai 

Va 

those temperatures in a ('arnot cycle, and tin*, irork done for a given 
drop of leniperature is the same at any part of the scale, whic;h is 
absolute in the sense of being independent of the properties of any 
particul ar s u bstance . 

Rankin^ takes a series of reversible engines, working bidwoeili 
equal intervals of temperature, and shows that these would do 
e([ual amounts of work when one receives the heat which anotheA 
rejects. \ 

Between a ])air of adiabatic curves AJ)e and BCf, draw a series 
of isothermals for tempcTatnres 7\, T 2 , etc., at f‘qual intervals 
of temperature 1\ - - T, - ^3 - T., - 7\ - dT. Each little 

enclosed area is an indicator* diagram of one engiru^ working on the 
(>arnot cycle. As abovc^, let — heat supplied during isothermal 
expansion at the highest timijicrature of the range 7\.t The work 
done 

* I ^ \ 

and th(i heat r(‘j(‘ctt'd at 


Q2 - X i\ 

^ 1 


Then this lu'at rejected by the first (uigiiu‘, is supplied to the 
second engine at T^- II en^ work done ~ heal supplied X (dheiency 

(?i \ .T.-T., Q, dT (L 

Ti^ 7 A ^2 / ^'1 


JLl s rji 
rn y • 


and heat rejected “ h(‘at supplied - work done 


— Q] X rp Q\ 

^ 1 

T 2 dT 

- Qi 


'I ' 2 - T'i 
T, 


Similarly in the. third engine, the- (dhcienc-y is , and the work 
dT p I ^ 

done = Q] X with heat re-jcct(‘d ^ X ypp 

y 1 y j. 

Hence the work done by every engine during a cyek^ is the same 

. dl\ when each engine works through the same rang?, of tem- 

4 

perature dT on the perfect gas thermometer. Equal intervals of 
temperature may be dchned as those intervals which give ('qual 
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arnouniH of work in a series of porfec.t heat (Mi'iines This iluTino- 
dyiiainic scale is identical with that of the ideal perfect ^as, hut does 
not agree exactly W'ith th('- sealers of acdaial gases hec^ausc of the 
variation in specifics heat. (See c,orre(‘-tions, p. 51).) 

Again, su})pose the (jngim^s in the s(n’ies received quantities of 
heat Qi, Q 2 , etc., at absolute tcinperaturcs Tj, etc., 

and rejected heat at the lower tcunfi'i-aturcs. In each jjttle rever- 
sible cycle that is, 0, and when the summation 

is taken all round the larg(‘ revaTsibh* c-ycle, heat taken in being 


rec‘kon(Ml as ]:)ositive and heat req(‘ct(‘d as m^gativc* 




- 0 . 


By taking an indchnibdy large iiumb(‘r of st(‘ps and corre- 
sponding rectqjtion and nqection at th(‘ difteTcait- temperatures, wo 
eonu^ at last to a ^x^rfectly gradual or continuous c'hange of tem- 
perature. 'If dQ repn'sc'iits the small quantity of heat tak(‘n in or 
given out by a perfect revcrsibk* engine at tlu* absolute tc‘mperature 


T, then the sum of all the qu antith 


oQ 


is zero for a reversible 


cycle, that is, the integration round th(' complete' cycle 



Entropy. The entropy, c/», is that characteristics or function of 
the' state of a s\d)stance which does not changes in a reversible 
adiabatic expansion or caunprc'ssion, and which is increased or 
diminishc'd when hc'at is takc'n in or givcai out in a rcn^ersiblc manner. 
8in^ tlu're is nedther gam nor loss of hc'at along adiabatics in a 
revc'psible procc'ss, th(*se are line's oi constant entropy, and called 
isentropirs. When a pound of any substance takes in or gives out 
a quantity of heat Q at the absolute temperature J\ its gain or loss 


Q. 


('jf (uitro})y is mc'asurc'd by the (pioticMit — , so that the quantity, Q 


of hnt energy, absorbc'd or rej(Hd,ed at the absolute temperature, is 
the product of the two factors, absolute temperature T and cJtange 
of entropy (f) ; that is, Q - T . cf). 

In the change of state point A to ff Fig. 31, is the heat taken 
in from any })oint A on the adiabatic ADc, to B on the adiabatic 


(^ 2 , at constant absolute temperature the (|noti('nl -- is called the 

■'1 

increase (3f entropy, (p., ' i>\- There is no change of entropy when 
the state point moves rt^vcTsibly along an adiabatic : it follow’s that 
the charge of entroj)}^ does nc^t depenci upon the paths or >4mS, 
alth(3Ugn the heat recei\vd do(\s. ^ 

TeiriperaMre Entropy Diagram. On a tcunperature entropy 
diagram the state' of a substance is given by vertical ordinates to 
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represent absolute temperature, and horizontal distanctis its change 
of entropy, and an area represents quantity of heat. An adiabatic, 
or constant entropy lino, will be shown by a vertical straight line 
AM, Fig. 32, parallel to the axis of temperature ; and an isothermal 
will be a horizontal straight line, AB, parallel to the axis of entropy. 

Carnot's cycle on a T<f> diagram. Suppose a pound weight of 
working substance, kept at cbnstant ti'inpiu-aturc Tj 1000° G. j 
(absolute), expands and takes in heat from th(' source in amount ' 

= 150 C.H.U. Its gain of entropy is ^ ~ or 015, which 

J I J uuu 

the source has lost This isothermal is represented on the T(j) 
diagram. Fig. 32, b}^ the horizontal line AB = 0-15, the increase of 
entropy of th(^ working substance is (/»2 - f>i — 
ON - dM . The ar(ia MA BN ^ 
repres(mta the heat received by the work- 
^ ing substanc(i. During adiabatic, exj^ansion 
BC\ the temp(‘rature falls to 600° G. (abso- 
lute), say, but th(^ (aitroj)y doc^s not change. 
Next, isothermal coinpn^ssion ( PJ at tempera 
^ ture — 600° (<., during whicli heat is 

^ •2‘2r^^ rejected ])y the working substance, lind its 

Entropy, entropy must equal the gain 

Fig. 32. Caknot '2 ^ i 

Cyclk since the cyclic is reversibl(‘, and DC ™ AB, 

or </>2 - ~ 015. The quantity of heat 

rejected is = area CDMN ~ - f>i)^ 

that is, 600 X 0 15, or 90 (hH.U. 



In adiabatic compr(\ssion DA, the entropy remains constant, 
while the temperature rises to the initial value Tj, or 1000° G 
(absolute). 

The heat turned into work during the cycle is 

Qj - (32 - area ABCD = (1\ - T,) ((^3 - 
that is, 150 - 90 (1000 - 600) 0-15, or 60 G H .U. 

and the thermal efficiency 


GO 

150 


K)00 - 600 

~ 1000 


or 40 per cent. 


Here, heat converted into work 


= entropy X drop of temperature. 

Garnot’s assumption Tj'^as that heat fell in temperature and work 
was done while the heat rejected was equal in amount to tlj.e heat 
received ; like v ater falling down a height in a water-wheel, and 
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that the most efficient water-wheel was reversible and could lift 
the same weight of wabc‘]’ through the same height, was based on 
the fallacy of the conservation of heat, which was changed to the 

conservation of energy by Jouli% Kelvin, and others. Take and 

eiitroiw X dro]) of lemperatnn*, lik '. weight of water X fall in 
height, and tli(' analogy liolds. The sources has lost onitf’opy equal 
Q 

to and tile ('ondens('r has gained an equal amount of eMropy 
1 1 

but the amount of heat, received from the source at I\ is 
gr(‘ater than that r(‘j(‘C‘t(‘d, at th(‘ 
lower tcJiipcratiirc. ; and the difT(‘r- 
(uice - Q, is the amount of lu^at 
conv(Tted into Avork during the cy(‘l(\ 

Stirling’s Air Engine with Regenera- 
tor. In 1S27, Dr. RolxTt Stirling, and 
his brother Jauu's Stirling, patmitcd 
and made tlu‘^ lirst liot-air engim^ to 
work on a perfect rc'viTsibk^ cycle. 

This appears to bij tlu' first application 
of the regenerator, also invcuitc^d by 
Stirling, in which hc‘at is stored Avliile 
the air falls from I\ to 1\, tlie hightT 
to the lov'(‘r tmupiuMtiin*, at constant 
volujn(‘ bidorc'- h(‘at is n^jcadi^d at the 
lower tem])eratnr(\ This transfer of 
h(‘at is r(‘V(‘rsible, and the rc'generator 
gi\'^s uj) th(* same h(‘at that it took in, 
so that. th(‘ ail' is gradually heated from 
7’2 to I\ in its passage' back through 
the n^generator, bt'fon' o'ceiving hc'at 



from till' furnaci' at 1\ To be ])erfect. 


Fie. SnuLOse Air 

FnCINK UKeKNKllATOR ATSJD 
DispLveKU 


the rt'gi'ricrator must have' intiniti' or 
very large capacity for lu'at compared 
witli that of tin' air used, so that thc'rc' 
is no st'iisibli' rise' or fall of temperature when storing and re-storing 
th(‘ heat ; and further, tlu^ rc'generator must be at the same 
tc'inpc'raturi^ Jis the' air at evi'ry Jiart in its passage. 

In oTK' dc'sign, t'ig. 33, a dis])lacer D forces the working air up 
and down through tlu' rt'gimc'rator R, wliich is constructc'd of sheet 

, , 1 1 

iron platc'S 

lai'gt' surface'. 

in. bor(‘. about ,/^^hi. apart, and through tht'sc' cold water circu- 
lar's. * The displaci'r /> is lim'd on tiu' low(*r t'lid with brick dust B, 


in. thick, and kept '-in. apart by ridges to offer a 
40 tiO 

The cooler or refrigtu'alor \V consists of coppiU’ pipes 
in. apart, and through tht'sc' 
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Compressc^l air at 150 lb. pc'r sq. in is doliverod into the air 
vessel A to kec'p u]) tlu' av^era.g(^. pressure, and supply any waste by 
leakage, th(‘ same air being usc^d over again eontinuoiisly as working 
substanee. When the plunger D is raised to th(' top of its stroke, 
the air j^asses from tht' io]) end A down through the r('gen(u*ator, 
taking in heat and rising to th(‘ higluu’ t(un])eratur(‘ T, of the 
furnace. 

Then 1 lb. of air r(‘e(‘ives heal from the furnace' at constant tem- 
perature' 7\, aiiei e'.xpanels frean ve>lum(' to v,, along the isothe'rmal j 
AB on the' ieh'al inelie-ator diagram. Fig 134. The pressure elrives 





Vj Vz V 

VoJumn . 


Kk,. :u 


r, B 



Kic. 


StIIU.LNCJ ('V(L1 


up the piston in 1 111 ' mnt «M' cvluut'r at (\ Fin (ne)t shown), and 
thehe*at re'e-e^iA e'el is ('ejualto the work doin', that is, leig, r, 

r. * 

Avhere' the ratie^ ol ('Xpansion r - 

During ope'ration B(\ tin' plunge'r /). in ils elownstreike', passes the 
he)t air eiut eif H up tliremgli the re'ge'ue'ratea* to the* e'eild e'ud, IF, and 
the top of the- air V(*ss(‘l. The* air le*ave‘.s lu'al store'd up in tlm 
regeme'rator, ariel falls in ti'inperature* to T,, at e*onstaiit volume', the 
])r('ssure falling with the* tenipe'rature. The* he'at store'el in the' 
ivgeneratew is (\[I\ e-alorie'S ])er lb 

During streike* f’D, the* air is eemipre'ssf*d from vohniu* i\, to 
at (‘emstant te'iipie-rature 7V be'ing in e-emtact with the* eeioler IF, 
Fig. 313. The weirk deme* (fti the air is e*epial to the* heat re'je’cted, 

RT, le)g, r. 

During DA, the* phinge*r J) is ralse'd anel the* air passe^d down 
threiugh the* re*g(‘nerate)r, at eemstant veilume*, picking up the* same 
epiantity of hi'at ])re^vie)V'sly store'd tlu'ie'. and having 

its te*m[)erature' rais(*d te) 1\ in its initial eeiriditiem of vplume*, 
[ire'ssure*, anel te‘inpe*ratur(*. 
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During the cycle, tlic work done = heat supplied - heat rejected, 
that is, Q 1 -Q 2 = JiRi logf r - RT^ logf r, 
and th(^ efficiency is 


or, 

A1 


H(!ai converhid into work 
Heat s\ipj)lied ’ 

- Qi »■ - 'oft »■ __ ‘^1 - "^2 

(?, RI\ log, / ^ 1\ 

Tl 

Qi ‘ 


(H) 


If the (‘fficicncy of tlii^ regenerator is c, the heat, received by the 
air from the reg(“nerator (luring the <»pnralion DA is e C,,{l\-T,). 

No^^' t:)tal }icat snpiili(‘d is RTy log^ r + (1 - e) 6\,(Tj - 


and i‘ni('i(ni( v 


U(T, -7\,)log,r 

in\ i- (\-e) CXPi-T,) 


(^) 


I?i |)rac‘lic‘(‘, r was alniui 0-8 io 0-1). 

Thv nival ivmperain rc vniropif iliagram of lluf Stirling n'gonorativc 
(MigiiK' is ABGlh 35. In tln^ isotlnTiJial operation, AB, supy^oso 
J II). of air talc(‘s in --- 100 heat units at 7\ --== lOOO'^ (1. (absolute) 

the ‘gain of entro])y is -- 01. TIk' heat reeeived is 

r(‘pr(*s(‘iited by tin* art'a ABNM. 

During BC lli(^ air is gradually cooled from to 1\ in y^assing 
through the n'gi'iierator wh(*re heal is ston'd at c'onstant volume, 
nn'jfnired by the area NBCP. If the regtmt'ral or action is perfect, 
it n'storc's tin' sanu' amount at every yx)inl in the yxassage of the air 
through it in tin' o])y')osite din'ction ])A, also at constant volume. 
H( ‘nc(‘ th(' cnrv('s BC and DA an* pr(*(‘isely alike, and have equal 
nreas DA]\JQ and CBNP under them. The loss of entroyoy iVP, 

T 

and gain ot entr()])y QM, is 17 ,, log^ since the fall and rise of 

J 2 

tempiuatun* folloNV the logarithmic curve. 

Diu’ing the isothermal coniyiressuni CD at Tg, the heat rejected 
is measured by tin* area PCDQj which is Q 2 ~ 000^ X 0-1, or 60 
heat units. 

The heat converted into work is Qi-Qy 100-60, or 40 heat 
units. 

Henc(* the tln'rmal efticiency is 40 y)er cent. 


Since^y4 7^ — DC, 


Qy ixri'ix MABN Tj 
^2 PCDQ T 2 


and 1i\(' h(‘at (‘onvertc'd into work = 


^1 
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Stirling’s cycle is also perfect in the thermodynamic sense, and 
would be reversible if the regenerator had infinitely large capacity 
for heat. 

The devise of the regenerator for storing and restoring heat 
directly, as heat, effects the change from I\ to and T 2 to Tj, 
instead of the adiabatic expansion and compression in the Carnot 
cycle, and greatly rc'duces the length of tht^ ])ision stroke. 

Stirlingis engine appears to be the earliest perfect heat engine con- 
structed, but air is a bad conductor of h('at, and there was loss of 
heat by tlu^ external furnace. 

In 1845, at a Dundee^ foundry, a double-acting Stirling engine, 
having cylinder Ifiin. diameter by 4ft. stroke at 28r.p.m., gave 
45 B.Tf.P. The high idt‘al thermal efficiency was rediUTd by prac- 
tical imperh'ctions. Tlu^ heating surface was about 75 sq.ft., and 
the efficiency of the furna(M‘ ()-44. After working tlmu^ yc^ars, the 
engine wvas abandoiKcl owing to the Iniriiing out of Jhe heater. 
Air is su(‘h a bad conductor of li(‘at tliat it could not be quickly and 
effectively heated without making the engim^ \er\^ bulky. 

The Robinson Air Engine works on the Stirling cycle and is made 
for very small powcTS. Th(‘ motor j)ist on-rod acts on a crank-pin or 
disc, which is also comK‘cted by a short link to a rocking lever driving 
the air displacer plunger, 90"' in advance; of tin; motor piston. The 
air displacer cylind(T is heakod exbu'nally at tin; bottom byjp. coke 
fire, gas ffanu', or oil burner in small nioloTs. The to]) of the; 
displace'!' cylindeT is cooled by w'ater jacket. Tlu' air pas.ses up and 
down through tin; displacer, to and from the* motor cyliiuk'r, and 
the spe('d of tin' engine is n'gulatt'd by a valvi* throttling tin; air in 
the passage l(*ading to tlu' motor c-yliiuka’. The same air is used 
over again in low pn'ssure, and only small quantities of h(*atfai(; 
dealt wdth in (‘ach cycl(\ 

An engine having (‘vlinder 10 in. diam(;li'r at. J70 r.p.m. gives only 
f H.P., and c annot (T)m])et(‘ with other mod(*rn lu^at engines. 

The Ericsson Regenerative Air Engine,* r(‘ceives and ri'jecds 
heat at constant bunjicrature, and tlu; t(‘mj)( Mature of the air is 
changed in its passage through the regenerator at constaM ^^'ressure. 
The pv indicator diagrain is formed by two isotlu^rmals and tAvo 
lines of constant pressure, at the higher and 1ow(t liTuits. The Tcf ) 
diagram is similar to that of the Stirling engine. 

The AVorking cylindcT w^a-; heated diiectly at one end, and the 
air WMis com[)r(;ssed by a S(‘])arat(^ pump driv(;n off the engine 
shaft. 

Th(‘ shi}) Ericsson had a s(;t. of four cylindtMS, (‘ach 14 ft. diameter 
by Oft. stroke, each Avith a eompn'ssion ])um|), and all ha\Mng the 
samf‘ r(‘C(‘iv(M\ ?naking tlu‘ir strokes in succr‘ssion at int(‘rvaks of a, 
(juartcM- of a. r(‘Aolution, and all driving th(‘ sana; shaft. The 
r(;g(‘nerator was a box containing sev(;ral laycu’S of win;' gui7|e, and 
*rror Insl Fjihj., ISTIt, 
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tho boat lost in tho regenerator was one-tenth of the whole heat 
stored. This air engine, running at 9 r.p.m., gave about 300 
tho teniperature limits 414° F. and 122° F , and the mean effective 
pressure was about 21b. per sq.in. The berating surface was 
insufficient and consisted of th('. bottoms of the evdinders, about 
700 sq. ft. According to Professor Norton, the find consumed was 
5601b. of aiithracdte per hour, or FSVlb. per T.H.P. hour, an 
efficiency higher tlian that of most st(‘am engiiu's at that time. 

In 1S98 at Boston, America., an Fricsson rt^g(merati\ e air imgine, 
having cylinder 8 in. diaimder by 3-9 in. stroke, running at a 
speed of 110 r.p.m., gavc^ 0-27 indicated, and only 0 08 B H.P., 
and fail(‘d Ix^caust*, the luxating surface 
Avas burnt away in a short tiim^. 

In Joule's Air Engine the air rec(dv(‘s 
heat at the higher constant pn\ssur(' in 
a large luxated chamber II, aft(*r adia- 
batic compn'ssion, and rejects heat into 
a cold (diamber C, at a lower constant 
pressuri\ Fig. 3() is a diagram of tlu^ 
essential paids. 

Air is k(q)t cool at absolute' t(*j)ipera.- 
ture. in a large ( hand)er. C, by cir- 
culatirig wa.t('r. Tlu' jmmp A tak(\s in 
a litth^ of this air from C, and com- 
prc'ssi's it adiabatically until its pressures is tlu' sami' as in the 
hot (diamlK'r IL where it is furthe*r heatt'd from to at 

constant pressure in tubes, by burning fuel. A littk^ of tho air 
th(‘n passes at constant [mvssure into tiie working cylinder B, 
uiiRl the valvi' E closes, and adiabatic (‘Xj)ansion follows to atmo- 
spheric pr('ssur(‘. The air, at absolute temperature which is 
abov(* tlm atmospheric tcmiperatun^ I\, is dis(diarged, through 
valve ?\ at the Iowcm' constant pn^ssure, bacdv again into the cold 
chand3(T. Tlu; sujjply of air from the pum]) to th(; hot chamber 
is so small that it doc'S not sensibly alter tlu; hightir constant 
])ressure. Fig. 37 is tlu; pressure*- volume diagram of this cycle. 
The area FDAE i-(‘pres(*nts the work doiu* on i*ach pound of air by 
the pump ; and area EBCE tlu; work done hij the air. The difl’er- 
(‘ncc, A BCD, is the lud amount of Avork done by each pound of air 
during one compk;t.e cycle. The numbeu’s d(;not(; absolute t(;in- 
jieratures. At the; higher constant ])re.ssuri; AB, tho ratio 

Volume* EA discharge by the ])ump 
1\ Volunu* EH admitted to the worldng cylinder ’ 

and at the lowc'i* pinssurc;, CF is tlu* volume of air discharged, whik* 
FD is tR(; volunu* tak(*n in by tlu* pump, ^he volume; swef)t by tlu; 
innu]),pist(fn is smaller than that of tlu* working cylind(*r in this 
proportion. 




mm 


gSi 


Hot T, 




Cold Z, 




l''i( liC). .Toi'j.k's Air 

I'^NClNli 



114 


APPLIED THERMODYNAMIC^^ 


absolute temperature rtunaiiiing constant at T, during the small 
chang(^ its gain or loss of entropy, d<j>, is measured by the ratio 

so that the ehango in lieat energy is dQ ~ T . d(f>. 

Also, dQ = 0 . dT, whtu-e G is the constant specific heat of the 
substaneo at that temperature ; and for unit weight of a substance 
changing lV;om V’g up to the total change of heat energy 

--- r(T, - Y'a), sinc<‘ dQ C . dT. 

If 1 lb. of a substance is e.’janging continuously and reversibly in 
temi)i‘rature from T., up to 7\, whiles heat is being takem in, the 
total gain of ontr()]iv is 



At conslanl volume (J -- t',,, and at ('onstant })r('ssur(‘ in 

this expression. 

Example 1. th.n tli«‘ fiilrojo (it I 11). of \\.tl(“r at U < is takc'ii 

as zei'o. ( lulciilate tiie ('ntro|i\ naiiK'd \\li(‘n t)ie \^alei' is wai'iju'd to lOtt 
and ronvertc'd into di'\ '^aturat<‘d stivun at ton (\ 


In case steam tabkvs ar(‘ availabl(‘. the (Mitropv of dry satfirated 

steam is given as (f) -f ; that is, l)y adding tlu* entro])y of 

water at 100'^ and tliat dm* to tlie addition of llti' latt^ni lu'at, /., 
at the constant absoliiti' ttnnjuaatnrt* of c‘\'a])oialion. 

As a first a])])roxii]iation, snjtpose tlu* li(‘ating is niidta’^ the 
constant ])ressure of I atmosplien^ : and tli(‘ spiu itie heat of 
\N'ater is the mean thermal unit (Villindar tak(‘s the vtirying 
[)ri‘ssur(‘ of saturation of vatfa' vajiour Irom d It) IdO^t'. in Ins 
steam tables. 

(1) Gain of (‘Titropy of water. - 1 ' ^ log,f) ^ - ()-312 


(2) The latent bc^at is 53b'3 lb ealori(‘S, and sinec^ the temperatuie 
remains constant until all tbe watia* is co!iv('rt(‘d into steam under 
the pressure' of 1 atmosphen*, gain of entropy is 


L 

T 


539-3 
373 1 


- 14454 


Hence the total ejitropy gained is 0,.-- 0-3120 [- 1-4454 ~ 1*7574 
The acemate valiuj by sfoam tabh's 0/ 0-31 1 SO \ I ‘44540 1 *7573 

Tin* difft‘r(*j)ee is witliin tin* limits of erroj- of (‘xpe rinu*nl. 

If more lieat is givenjafti*!* all the* water is eonv('rt,(*(i into dry 
steam, tlu* tempc'rature of the sti^arn would ?-is(‘ abov(' satiyat-ion. 
The steam is tlien s}fperheate/J, and the additional gain of (‘iitropy 
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T 

may bt* calculat'd by t li(‘ cx]m'ssu)u ()-48 log^. — , m 048 is the 

'1 

specific h('at of steam, for \\liieh (VdU'udai* givt's 047710 in his 
tables. 

Change of Entropy of a Perfect Gas when changing from state 
Ty to th(^ state yj.,, Tn- I’he (uu'rgy equation of 1 lb. of a 
perfect gas is — * » 

and for a small change' in the limit, 

f]Q -r-. C,, . (IT I p (lt\ divide' ae ross 1)V 1\ 


iQ_ (, (Vr 


V 

. r/r. anel pv RT, 



R 


r 


Sul)slituting this \alue‘ gives 


iiQ 


(J 


(IT 

T 


dt 


R. the* e*xj)r(‘ssi()n fe)i‘ e/(^ 


Tnte\g]ating, \vr have 

^rulQ ^ rT,,pf 


p'ulQ pulT nulv 

i - ' 'X, V' "X. ■ 

ind change' e.)f e‘nire)])y, 


7\, 


r, 


- C,. l<'g( -nf -l li- log, - 

Again, since R - 6 '^, - substituting for R, 

. -- r, .log, 5^-1- 

T, 


log, ) + (\ . logr- 


logi ^ V ) I- ■ logF 


Ti r-ij 

Bui iiiul-'- - X luMico wo obtain 

I \ J t IK 1 1 ’’2 


• (12) 


<i>l V log; I- <'). logf .... (13) 
Similarly, by substituting for C^- C^- H in equation (12), we obtain 

4,,-4,,^-C,lo>3-R.\og,l^ . . . .(14) 

In calculating the change of emtropy for 1 lb. of a perfect gas, 
VC may use either (12), (13), or (14), where R^ C\ and are 
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(‘xpressod in ]i(*at units, v’, and i\, in oubic foot, and pz pounds 
p(‘,r s(piar(' foot 

During an isothermal chamjc of stat(\ 7', 7^^, and oquation (12) 

bocoinos 

- R . log, ■ (!•'») 

V 1/ , '] 

In a constant volume, oliang(^ - Oo, and o(|nations (12) and (lH) 
bt‘Ooiuo 

- C, log, (\ .log,--- . . . . (10) 

^ J Pi 

111 a cousUmt pressure chango, p^ --- p,y, and (‘(piations (111) and (14) 
boooino 

~ ■ '"g^ !/• ■ ■ . • (17) 

M 

Chmaje of eiilrojnj of 1 lb. (»f gas during t‘X])ansion or I’oinprossiun 
according to the gc'iUTal law pr" - a constant. 


By (‘quation (13) (p. Sfi), dQ 


y - V 
r-\ 


p d\\ 1 )ivi(lt‘ by 1\ wo have 


dQ y - n p p Pi. , , - • 

-yp- — ^ 1 7’ ■ ^ obiaiir 

dQ 


T y-\ 


y - n d ' 


Integrating, we have 

Jt, T >'-1 j,., r 


^2- </>i 


7 , 7 - 1 

P . . lo^^ - 


y-\ 

Now ,1 

\T.. 

y - n 


, and R - (;,{]' 


hcncci^2-(^, ^=- C,(5--l)^_, X log, 1 

y - n 1 / T'l \ 

-= C,.(y - 1 ) X _ I . logf I y 1, and 

.... 


(18) 


Henc.c from m(‘asur(*nients of pressure^ and volume on tlu^ indicator 
diagram, cfi^ - (f)i is found, also the corresponding temperatur(\,calcu- 
laterl, and yilotted on the tem]>eratun‘ (*ntropy, Tcf) diagram. 
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Example 2. I’en cub. ft. of air, at 05 F. and !)() lb. per s(|. in. nbHolute, 
arc expanded to 4 tim(*s tlio orij^inal volimio, tlio law of oxjiansion boiii^ 
— constant. Kind the cTianj^o of entropy. (hven/C,, - 1 30*2 ft. -lb., 

and y -- 1'4. 


Here 


and 


1 \ - G5" + 460 --- 525^’ K. (absoluit') 

T, /l\.l*/l\i I 

^ ; 


N i 


l)-7071 


henco T., 525 x -7071 - 87 1 -2" K. (abs.), or 87 1-2 -400 

- 8!)'’ F. 


Change of cntr()j)y 

= (< 

” n-l 


T 

by equation (18) 


130-2 

778 


X 


14-1-25 
1-25- 1 


X 2-3026 login 


371 


130-2 

778 


O' 15 


; 4 X 2'302G X 0 1508 -- 0-0848 

Answer. 


Ciieck by <f>., ~ (/»] 


E 

1 


y - n 
y-\ 


■ logf 


( 




We liave E - A:,(y - 1) -- 130-2 X 0-4 - 52-08 


and change of (uitropy 

• ^2-08 
778 


] -4 - J -25 
14 - r 


2-3026 login 



0-0348 
A nswer. 


Example 3. If 1 lb. of air occupying 3 cid) ft. at 180 lb. per sq. in. absolute, 
and 537 ’ ex]ninds at eonstaut tenquM-atiire to 1 2 cub. ft., what is its 
[irossure after ex])ai)sioii, the work done, heat reception, and ehnnf 5 e of 
entropy ? 


Here the tompi'ratiire is kej)t constant and, by Boyle's law, 

V, 180x3 

JV ’2 Pi^'v or po-p, X ^2 -45 lb. per sq.m. 

Work done, 

W ™ pii\ log^- r = 144 X 180 X 3 logf ) 

blit iogf;4 - 2-3026 x 0-60206 = 1-3863. 

' If -- 144 X 540 x 1-3863 -- 107,800 ft. -lb. 
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Sinco the tomporature, and (ionsc'qiiontly tli (3 intc^rnal einergy, are 
ke})t coiiHlant, the h( at iak(‘n in by tlu^ air is ocpiivalent to the work 
done l)y it, and is 

77 O.H.IT., u(. 537" | 273 -= 810“ C. (abs.) 
gain of (entropy 


810 


O-Oit") units. 


or, by equalion (15), gain of (‘iitropy 




•OOSo logt^ 4 


■OOSo X 1 IkSO;? - 0*00o units. Atmvar. 


Example 4. A quantity of air liaviiiL; a volume ol 2 eub. ft. nt ^itniospliorie 
conditions ot 14-7 lb. ])ei sty in. and la (\ is coinprivs.sed tu-eordin^ to the 
law pv^ - a eonstant, until its })i(‘ssure is 1201b. p(‘r sq.m. Kind the 
(■han|TO in the internal encrijjy ot llu* air and also llu* eluiiiKe iii entropy. 
The S[)eeific licats for air at constant pressure and eonstant \'oluine an* 0-2i{8 
and 0-l(i(). ( JJ.L.. B.Sc. {Emi.), 1925.) 


Given 


Let 

then 

Now, 


/h 

K 

J 


y 


'll’ 


- 2 cull 11 

— 14-7 144 lb pi-r sq ft 

-- 15 ' 273“ 288" (' (abs ) 


()-238 - O Hib -- () 0(»!M‘ Il.T'. per lb. 


C„ -238 
X ' -1(19 


I SOS 


- lb. wciirlilr of air 


w 


T, 


/qy, 14-7 , 144 ,• 2 
/fTj “"0 ()09 / 141X1 288 



120 ' 
1 i.i.i 

14-7/ 


40 


log -- log 288 -( (log 120 - log 14-7) 

2-45939 -I (2-0791 8 - 1 - 1 0732) 

2-45939 - I 0-11894 - 2-57833 
'L\ =- 378-7 C. (abs.) 

and the .air gains internal en* rgy - •w . C, (7*2 - T,) 


- '/ 0-109(378-7 - 288) - 2-33 O.H.O 
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Also, by equation (18), the change of entropy, 

_ y) logE^r 

, 1-408- 1 15 , , 2S8 

- ()16» ( 1 X 2-3026 log ( 

•258 

-- 0-169 X X 2-3026(-0 1 1894) 0 0797 

The negative Hign means that during the change of state the air 
loses entrojiy in amount 0 0797 units. Answer. 

The student should cheek these results hy different methods — 
We have or 

V., p, 14-7 j 


. 20 . 20 

loa 23 ^ ^ ^ = 0-79293 


- = 6*208, and ~ /. oou 0-3222 cub. ft. 

?;o ’ ^ 6*208 


or hy 2 \ . ^ ~ 7 


/378-7\-i_ 


V ‘^0 20 

and log (lf)g 378-7 - log 288) = .7 X 0-11894 = 0-79293 

i'2 4 

log log 2 - 0-79293 -- 0-30103 - 0-79293 -- ~I *5081 

'^2 ~ 0-3222 cub. ft. 

Also (p. 1 16), change of entropy, 

1,... ’’2 




Substitute values, 

, . /l-408-M5\ fiu 

= 0-069 1 j 2-3026 log 

■‘^58 

X X 2*3026 X 0*79293 = - 0-0797 

Alternative Method, useful for students. Work done on the air 
during compression 


Pi \ X 

rr5--i;vp.' 

144 X 14-7 X 2 


14-7 X 2 (/ 120 Y 1 _ ) 
)-15 14 - 7 '■ 


(1-315- 1) = 8891 ft.-lb. 


- ■(54;t4) 
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Otherwise, 

Work done = (120 X 0-32218 - 14-7 X 2) 

M— 1 0-15 

== 900(38-002 - 29-4) = 8891 ft.-lb. 

8801 

The heat equivalent of this work — — 0-35 O.H.U. 

Since n - y, hc’iat is given out by the air or n^Jeeted during 
compression, in amount I 

y-71, WorkdoiK! (ft.-ll) ) 1-408 - Mil _ 


1-408-1 


X C-35 O.H.U.' 


= 4-02 O.H.U. ) 

During compression of the air, 

Jnc reuse of int(*rnal energy = Heat n^ceivf'd - Heat rejected 

= ()-35-402 = 2:j3C.H.LJ. 

Again, tht) change^ in entropy may be calculated by tutlier of the 
equations (12), (13) or (14) (]>. 1 lo). 

Thus, by (J2), 

^2 - 01 = 6„ . logs -I- -j loge - 
37S-7 

= 0-169 ' -I- 9-069 logt- -"- 

= 0-109 X 2-3020 X 0-11894-0-009 X 2-3020 X 0-79293 
change in entroj)y ^ 0 04G2S - 0-12598 — - 0'0797 
Also by (13), when the ])rt assure and volume arc known. 


i>2-i>i = Gv logt ip'] \- ■ logf ( 


Sub.stitiite as alxn c, 

= 0-169 X 2-3026 x 0-91186-0-238 x 2-3020 X 0-79293 

Change ill (‘iitroiiv = 0-35481 - 0-43454 = - 0-0797 
or (by 14), 

- 0j = C'j, . logt - j . loge j, 

= 0-238 X 2-3026 X 0-11894 - 0-069 X 2-3026 x 0-91186 
change, in (entropy ^ 0 06518 - 0-H48S = -0*0797 


Answer. 


Example 5. A Stirling regenerative air engine worlds between teriperatures 
of 700° F. unci 80° K., tlie»i'atio of isotlirrnial expansion is 2. Calculate the 
ideal clTicienoy when (a) the engine is fitted with a perfect regenerator ; 
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(6) when the efficiency of the regnerator is O-O. Take Op — 0-2376 and 
0^ =- 0-1691. 


Given = 700 + 460 =- 1160° P. (abs.), 
and 1\ = 80 + 460 = 540° P. (abs.), 
and T, - --- 620° P. 

Also thermal ecj^uivalont of R —■ C^,- C„ ~ -2375 - -1691 = -0684 


(a) Efficiency — — - 

1 

or 53-45 per cent. 


1160- 540 
■" ll60 


620 

1160 


0-5345, 

Answer. 


(b) By equation (9), (p. 109), 

Heal Bupplicd, = R .T^ logs r + (1 - c) C^,{T■^ - 
Heat rejected, Q.^ ^ R . loge r + (1 - e) 


Efficiency • 


R(l\ - T.,) loge r 
R . r/loge r + (f- e) 


and log£2 = -69315 


0-q684_x 620 X -69315 

0-0684 X 1160 X •69315 + 0 1" X 01691 X 620 


29-4 

55' -V 1048 


-449, or 15 per cent. 


Answer. 


Example 6. In a doublo-actmjj Stirlinj^ engino working between the tem- 
peratures of 050' F. and 150 ' F., diameter of cylinder 10 in. by 4 ft. stroke, 
revolutions per minute 28, ratio of expansion 1*24, piston dis])laeoment 
fier pound of air per stroke 1-06 cub. ft., brake horse-power 45-45. Estimate 
(rr) tlie work done yier pound of air jier stroke ; (5) thermal efficiency of the 
engine, assuming the efficiency of regenerator 0-0 ; (c) the mean effective 
prei^fcure ; and {d) indicated horse-power and mechanical efficiency. 

Take Cp -2375, Cv - 0-1691, 

Given T, = 650° + 460 =- 1110° P. (abs.), 

and T =- 150° + 460 = (il0° F. (abs.). 

Also R 778( 2375 - -1691) ^ 778 X 0684 
— .53-2 ft. -lb. per lb. 

(«) Work done per pound of air per stroke 

= R{T^ - 'l\) loge r, and loge 1-24 = -2151 
--- .53-2 X .500 X 0-2151 = 5722 ft.-lb. 

(6) Heat suj)i)liod 

= RT, loger + (l-e)C,T,-7y. 

Substituting values, 

• = 53-2 X 1110 X 0-2151 + 0-1 X 131-6 X 500 

■* = 12,700 + 6580 ^ 19,280 ft.-lb. 
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= 0*45. 


Thus the heat energy wasted in the generator, due to imperfections, 
is 6,580 ft.-lb. 

Hence the actual thermal efficiency of the engine 

Work done by air on piston _ 5722 _ ^ .3 ^ 

"" Ti^t supplied^to engin^ ^ (nearly). 

The ideal efficiency with perfect regenerator having efficiency 
unity would be 

T.-T. 1110° -610° 500 

— = =0*45 

I\ 1110 1110 

or, neglecting waste in regenerator, 

5722 ft.-lb. 

12,700 

((') Mean effective pressure 

Work done per pound of air per stroke 5722 
Volume swept by piston 106 

= 5,398 lb. per sq. ft. = 37*5 lb. per sq. in. 

(d) Sectional area of piston — 7 t( 8)‘^ 201 sq. in. 

Work done by air on the piston ])f^r niinute (two strokes per 
revolution) — 37-5 x 201 x 4 x 28 x 2 ft.-lb. ^ 

Hence indicated horse-power 

_ 37-5 X 201 X 4 X 28 x 2 
“ ' 33,(X)0 


51 2 T.H.P. 


Mechanical efficiency 
B.H.P. 


45-45 


51-2 


I.H.F. 
and efficiency ratio 

Thermal efficiency 


— -888, or nearly 89 per cent 


ld(‘al efficiency 0-45 


= f'=-667 


Example 7, The air enmnes of the .ship Ericsson (p. 1 10) worked between 
the toinperatiire limit h 122 F. and 411^ F. Fistoii (lis])Iaf;emont per yiound 
of air, 22 cub. ft. ; ratio of (ixpan.sion, 1-5 ; revolutions poi: Trnnute, 0. Dia- 
meters of the four cylinders, each 14 ft., stroke (i ft. Calculate (a) work done 
per pound of air per stroke ; (h) thermal elliciency of engines ; (r) heat energy 
wasted in the regenerator a.ssumin^ itseflicioncy e 0*9 ; {d) mean effective 
pressure; (c) indicated horse-power. Take /v^, ■ 184-8 and - 1 .‘1 1-0 ft.-lb 
per pound of air. 

Given - 414° + 460° - 874” F. (ab.s.), 

^2 - 122° + 460° = 582° F. (abs.). 

R = 184-8 - 131 -6 = 53-2 ft.-lb. 


and 
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(a) Work done per pound of air per stroke 

= R(Ti - T^) loge r 
= 53-2(874-582) loge 1-5 

.-.Work done = 53-2 X 292 x 0-4055 = 6300ft.-lb. 

(b) Heat supplied 

- 53-2 X 874 X 0-4055 + 0-1 X 184-8 X 292 
-- 18,860 H 5396 ^ 24,256 ft.-lb. 

Thermal elticieney of engiiio 

_ Work done _ 6300 

Heat supplied 24,256 

(c) Here, heat wast(^d in the regimerator — 5396 ft.-lb. 
With a p(yf(‘ct reg(*nerator, thermal eflick'ncy 


6300 874° - 582° 

18,800 = ^ - 8-74- - = 


(d) M(‘an (‘fle.ctivc pn^ssure 

Work done ])or pound t)f air per stroke _ 6300 
Volume swc'pt by piston 22 

= 286 lb. per sq. ft. ™ 2 lb. per sq. in. (nearly). 

(^0 Sectional ar(*a of each cylinder 

-- 7rr‘^ - 7r X 7- - 154 sq. ft. 

Joint area of the four pistons 

• --- 154 X 4 616 sq.ft. 


Work doiK' pc'f minute 

-- 286 X 616 X 6 X 9 ft.-lb. 
and therefore indicated horse power 


286 X 616 X 54 
"" " ' 33,000 ~ 


Answer. 


EXAMPLES IV 

1. Ten cub. ft. of dry iiir at 18'^ C. and 901b. per sq. in. absolute pressure, 
are expanded to 4 times the original volume, the law of expansion being 

— constant. Oiveu that tlie specific heat of air at constant volume is 
0-l(i9, and at constant pressure 0-238, find the change in entropy. 

2. One lb. weight of dry air occupio.s 3 cub. ft. at 1 10 lb. per sq. in. absolute 
pres.sure, and 227 ’ C., and i.s expanded at this constant temperature to 12 
cub. ft. Find the beat taken in and the change in entropy. 

3. One lb. of dry air occupies 12-30 cub. ft. at'O'^ C. and 14-7 lb. per sq. in. 
absolute, and is compressed to 2001b. per sq. in. absolute, (a) isothennally, 
(6) when the compression is pv^'^ - constant. What is (1) the work done on 
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the air in foot-pounds ; (2) the amount of heat taken from the air during 
compression ; and (3) the change of entropy in each case ? Take the specific 
heat of air at constant pressure, 0-238, and at constant volume 0-17. 

4. The lower limit of temperature of a Stirling engine is 1,000° h\ (538° C.). 

The maximum and minimum pressures are 180 1b. per sq.m, absolute, and 
30 lb. per sq. m. absolute, and the expansion ratio is 3. Calculate the ideal 
efficiency. ( U.L., B.Sc. {Eng,).) 

5. A Stirling engine, with perfect) regenerator, works between [irossiires of 
135 lb. per s^. in. absolute and 15 lb. jier sq. in. absolute, and temperatures 
550"' F. and 50 ’ F. respectively. Calculate the mean effective pressure on the 
piston. 

6. In a Stirling engine working between the temperatures of 700° F. and 
80° F., the ratio of isothermal expansion is 2. Calculate the ideal efficiency 
when (a) the engine is fitted with a perfect regenerator ; (ft) when the efficiency 
of the regenerator is 0-9. Take — 0-2375 and - 0-1691. 



CHAPTER V 

\IR (^OMPRESSOriS 


An air coin])rossor is any luacliim'! Svlnc'h laktvs in air, ^iomprosses, 
and delivors it to a rocoivcr at a liighcr prcissiiro ; and may bo of 
(1) th(^ ordinary cylinder and riKiprocating j)iston typc^ or (2) the 
rotary type^, including turbo-compressors. 

The id(Nal indi(‘ator diagram, ABCD, Fig. 39, shows the action 
in the common piston compnvssor. 

During the suction stroke, AB, vuluino Vi cub. ft. of free air flows 
into the cylinder at atmospheric pressure lb. per sq. ft. absolute, 
and the work dom^ on the piston is 
ft.-lb. 

BC is th(^ compression curve, pr*^ a 
(U)nstant, the slopi^ lying Ix^tween the 
adiabatui BF and isothermal BE. The 
work done on the air during com])r(*-ssion 
to absolute prtvssure p^, and volume 

where w ^ 14 for adiabatic 

compression. 

Wh(m theri^ is a water-jack(‘t around 
the cylinder, 7i may vary from 1*35 to 1-25 for thoi'oughly efficient 
cooling ; and in the special (iase of cooling the air during compres- 
sioij, by sjiraying water into the eylind(‘r, Mhich is drain(‘rl away 
from the discharged air, n may be 1*2. Lower valu(\s of n are 
probably due to h^sakage ])ast the piston or valvc's. 

CD is the dt'livery of the air from the cylinder to a ret'oiver at 
constant pressmx* p,^, and th(‘ work done during this stroke 

The total effiK*tivi^ work of suction, compn^ssion, and discharge in 
foot-pounds per ]iound of free air compn^ssed ptT cycle is represented 
by the area A BCD, and is 



n - i 




n 

n-i 




( 1 ) 


and since, for one lb. w^eight of air, 


11 

pv - RT, W - ^ . 7f(T, - TO . . . - (2) 

Also during com])ression, BG, the temperature is raised from Tjto 
T.^ absolute, and 
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Substitute this value of Tg in (2), gives 



( 3 ) 


It is obvious that for least loss by rise of t('in]3erature, isothermal 
conqmession is the ideal to bo ainuHl at, when th(^ temperature Tj 
would reiri/iin constant, and n(fy energy wast(^d in h(\ating the air 
while its pressure is raised. Then the work done in siu^tion, isother- 
mal eoin])r(*ssion, BE, to pressure volume v at E, and delivery 

of the air at constant prc'ssurepg, would be giv('n by the area ABED, 

ViV, . logf /y'j I- yv-’ 


iV', l(.gV - li . T, log,. . . . (4) 

SiiK’o isotheririal eompn'ssion is the ideal standard to be attaim^d, 
the idexil thermal ej[pciency of an air eompressor is the work done as 
calculated by eitluT of the (^xj missions (4), divided by that found 
from equations (1), (2), or (3). 

This “ (dlieiency is based on piston displaceimuit, neglecting all 
losses by k^akage, (tooling, and clearanc(^ ; but a closcu* practical 
estimate of the actual performance is obtained by measurer#ent of 
the volume' of air delive'n^d pt'r minute bv tlu‘ eomj)ressor, expressed 
in terms of free air,” that is, reduced to the volume it would 
occupy und(*r ordinary atmosjiheric conditions of pressim' 14-7 lb. 
per sq. in. (abs.), and temjxTature 00'' ; tbtui 

_ . Isothermal hors('-pov\(T on air delivered 

J hernial (diiciencv ^ ~ ^ , — — — -* 

Ind leak'd air horse-pow('r 

For practical purj)os('s it is mxessary to ascertain the brake 
horse-power applk'd at the eomj)rt\ssor shaft, and to make careful 
measurtmient of the volumes of air actually delivered at a sk^ady 
flow through a receiver, and when ('xpanded down to atmosplu'rie 
pressure and tempc'ratun^ (set* p. 14(^’). Then the 

. Isothermal horse-powi'r based on air delivered 

Overall eflicumcy - - , — , ^ . — 

lirake horse-power at compressor shaft 

Cooling, When thc^ slopi^ of tht^ compression curve is steeper 
than the isothermal, the temperature of the air is raised, and extra 
work, BCE, Fig. 39, is requin'd. Not •only is the heat lost by 
subsequent cooling in tin? air rina'iver and air mains, but the volume 
of air shrinks at constant jm\sHure and mort; work has to be done 
to keep up the pressure, represented by th(i rectangular art^a under 
CE, bounded by the ordinates at C and E, and equal to 
ft. -lb. Moreover, heating of the valves to a high temperature, 
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combined with excessive lubrication of the compressor cylinders, 
may cause carbonization of the lubricating oil, gumming, and other 
serious troubles. It is, therefore, (essential to have thoroughly 
efficient cooling of the air during compression by water -jacketing 
the eylinder walls and head, especially the valves and covers. 

Multi-stage Compressors. In order to reduces the kisses during 
the com])ression of air to high |)res!sureR, above, say, 120 lb. per 
sq. in. (gauge), the (compression is usually carried out 1:)y two or 
three stages in scq)arate cylinders ; find aft(U' (*ach stage the air is 
cooled, at constant ])ressure, down to the initial temperature, and 
thus rc'diKUKl in volume, by passing through an ini er -cooler , with 
circulation of cold water. 

In modern prac tices, th(*. copper coils us(‘d in small machines are 
being replaced by st raight tube inter-coolers, on the c.ounter currtmt 
principle, with air ])assing through 
the tubes while the (*-ooling wat(‘r 
surrounds *tliem and flows in the 
opposites dir(‘ction, so that the air 
leaves the cooker almost at the 
temperature of the inlet wat(*r. 

Fig. 40 shov's the saving of 
work, l)y the shaded area CEFL, 
in a two-stage c()m])ressor. AB 
represcMits tlu* volume, Vi, of air 
at pr(*ssur(‘, pi, taken into the low 
press ur(^ cylimkw, and BC is the 
(•(nnpression enrve ac(;ording to 
SOUK* law pv;" constant. 

'Whe air is then cocjled at con- 
stant ])r('ssure down, as near 
as possibli^ to the initial temperature, at E, and its volume reduced 
to v^. The air is then delivered to the high pressure cylinder 
where com})r(\ssion follows the curve Ei\ having p?;” " constant, 
until the pressure is p 3 at F and the A'olume HF is v^. 

The work done in foot-pounds per pound of air per cycle, in the 
two cylinders, is 





The total work expended will be the least possible* when 
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is a minimum. Now, since pi and are constants, differentiate 
with respect to 2^2^ have 

dy n-l L piL 1-w 1 i i 2 

dp2 n pi 'w 


a iiummum. 


Divide ]iy p^ » , and we ha^sfe 


-rr 


- , Pa u . P2 i/ 


from wliich 


— ^ Pi~ 


Hence for the least work to be done, the ratios of coi^pression in 
the two stages are (‘-qual, andpg — Vpi .7)3. 

At the end of the first stage compression in tlie low pressure 
cylinder the- air is cool(‘d in the inter-coolor from to Ti, at E 
on tin; isotli(‘rmal and the ratio of the voluin(\s of the- two e-ylinders is 


Also, since 


e have 


and rjr 
J 1 


showing that the ratio of th(^ initial and final temperatures during 
compression is the sanu; for each stage whc^n the work of com- 
pression is a minimum. 

Substitutes (6) in (5) and put RT^ = Pi'^i, we have the minimum 
work done in ft. -lb. per lb. weight of air for two stage compr(‘ssion, 

“/:?T *i • ■ ■ ■ 


W = — T 
n-l 


In three-stage convpression the volume of free" air at absolute 
pressure pi is cornjiressed to pressure pg in the low pressure cylinder, 
and is then delivert'd at constant pn\ssurc through an inter-cooler 
to the intermediate pressure cylinder, its volumes shrinking to 
and U^mperature from to on the isothermal. The volume of 
air t’a at pressure p2 is now compressed to pressure pa in the inter- 
m(‘diate cylinder, and is then delivered through another int)fer -cooler 
to the high pressuri'- cylinder, its volume being reduced t^ Vg, at 
constant pressure, and temperature Tg to Tj. 
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In the high pressure cylinder the air is compressed to pressure 
and is then delivered to the receiver at this constant pressure 
The work done in foot-pounds per pound of air per cycle in the 
three cylinders is 


•KS-'I] 

sinco JJTi = jJiV, =-■ = p,?’,. 


W = RT^.-- 

n 


n 





The same conditions hold for least work to be done, as in two- 
stage compression, and 

Pz Vz Pi fPiYs 

Pi Pi Pi \P<y’ 

I 

Substit\ite (11) in (10), wo have the least work done in foot- 
pounds per pound of air, 


( 11 ) 


W 




. (12) 


The ratio of the volumes of the three cylinders will bo 

t>i \Pl) 


Volumetric Efficiency is the ratio of the volumes of air actually 
delivered, when reduced to “ fret^ air,” at normal temperature and 
presfiurt^, to the ^^olume swept by the juston. The typical indicator 
diagrams, h^igs. 41 and 42 ^ show the clearance and losses duo to the 
r(*isistance of the suction and delivery valves. The clearance volume 
includ(‘S not only tin; space between the cylinder end and piston at 
the luid of its in-stroke, but also the valve pockets and ports between 
the valve and cylinder as in large vertical compn^ssors, which have 
mechanically operated piston valve or other type at the side of 
the cylinder and connc'cted to it by ports. 

In the best modern practice the clearance is from 1-5 to 2 per 
cent of the cylinder volume in the low pressure cylinders, and 
about 2-5 to 3 per cent in the intermediate and high pressure 
cylinders, which are usually fitted with automatic valves both for 
suction and delivery. 

In Fig. 40 the ratio MBjAB is the apparent volumetric efticiency 
of the compressor reckoned on piston displact'ment, neglecting slip 
and leakage past the piston ami valves for high pressures, as well 
as the differences between the pressure and temperature of the air 
left in tl>e cylinder and that sucked in. 

With positively operated suction valves the maximum^ volumetric 



130 


APPLIED THERMODYNAMICS 


efficiency can be attained, as in Fig. 41 ; and Fig. 42 also shows* 
that highly compressed air left in the cylinder must be reduced by 
expansion before the atmospheric pressure can overcome the resis- 
tance of the spring on the automatic suction valve*. 

It is obvious that the greater the clearanei^ the longer will b(5 the 
travel of the piston on the suction stroke before the air left at the 
higher pressure in tln^ clearan,c(^, after discharge and leakage at the 
deliv(Ty Valve, has exjiandcHl just below atmospheric pressure to 
allow the suction valve to o])en and admit the* fresh charge. The 



Fie. 41. SiN(4LJ<]-sTAGi': (.•omimuossion Fig. 42. Two-stagk Com- 
Fositivcly OreKATcn Sgctiov Vaiaks. imuossiov wmi Tntkucoolincj 
A cTOMATre Oegivi'JKY Valves Actomatk’ Sgctign and 

Dkliveiiy Valnes 


Power ])rr ciih ft 
fn‘o air delivonnl 


0-202 II. P 


I’owcr j)('r f\ih. It 
fr(*(‘ air dolivi'nul 


0-202 jf.Il.P. 


result is that mon* ])iston sIrokt’S are retpiired to dc'al with the 
same quantity of air, and with greater loss by fric-tion 

Properly designed m(*chani(;al inlet valvi^s (‘nsurt* the cylinder 
filling with air at atmosj)heric prc»ssure, while th(^ spring-loaded 
automatic valve inevitably causes attenuation due to the fact that 
the atmospheric y)ressurt‘ has to comprt*ss the s[)ring of th(*- suction 
valve so that thc^ pressures inside the cylinder will be less than 
atmos])heric. Consequently, the equivalent air dedivered, measured 
in terms of free air, will be kiss, and the volumetric efficiency will 
be less. It will be noticed, in Fig. 42, ^liat there is loss where the 
delivery pressure in the first stage is higher than the inter -cooler 
pressure ; and the suction pressure in tin* second stage is lower 
than the int(*r-coolcr yiressure, owing to the resistance of t]j.e spring- 
k)ad(*d valves. There is also considi'rable mertia losses due to 

Air C!oinprPS,sors,” by William Roavell, 7Vor. l.Mfrli.E., June, 1922. 
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starting and stopping tho air-flow at the suction, and in the air 
main on delivery of the air. 

The volumetric eftichmcy is about 85 to 90 per cent in well- 
d(^signed air compressors. 

In the larger vertical double-acting compressors, with two or 
more stages, rated up to 5,000 cub. ft. per min. of free air dt^livered 
at 120 lb. per sq. in., and taking 1,()0() B.H.P. at 240 r.p.m., the 
mechanically operated valves ar(‘ usually fitted at th.'* side of 
the cylinder, and the clearance may hv, 8 to 10 per ctmt of the 
cylinder volunu^, the actual figure dept^nding to some extent on 
the stroke /bore ratio 

Leakage past th(i ])iston-rings in three-stages compressors tends 
to increase as the pressure becoim^s higher, and increases the pressure 
at the lowt'r stages. In modern practice, multi-stage air com- 
pressors, for pressures of 2,000 lb. per sq. in., fibre or similar packing 
is used as neck -rings for tho final stage plunger, which is ground and 
accurately guided. For extremely high pressure the ground piston 
is packed with a hat leather, the ])lunger being mad() hollow and 
kept cool by circulating water through it as in largo gas engine 
pistons. 

The ar(ia of the indicatoi* diagram, Fig. 41, from tho single stage 
ma(4iine, is less than tlie combined areas of the two -stage indicator 
diagrams, Fig. 42, for tho sam(‘ delivery pressure at 100 lb. per 
sq. in., (gaug(^). The Pea veil compressor of this single-stag(^ type 
is fitted with cylinder’s of thin (aist-iron liners inserted in the casing 
sealed against water pri^ssure by a rubber ring, and tho joint on 
the top ta(;e of the (jylinder, which has to resist the air pressure, is 
made of metal to metal. Oons(^quently, the heat transmission to 
the cjDoling water is very efficient, and the cylinder walls give up 
heat to the jacket water during the suction stroke ; so that the 
mean temperature is lower than in a double-acting compressor, with 
high piston speed and thick cylinder walls cast with jacket and 
flanges. 

R(^lation of Output. The three-stage air compressor, of the 
trunk piston type, works under best conditions at its normal 
capacity or rat(‘d load ; that is, the volume of fi’ce air per minute 
it is designed to comprevss and deliver at a given pressure, or the 
cubic feet of free air per minute displaetonent. In order to reduce 
the quantity of air delivered at the same pressure, one plan is to 
blow off the surplus air from the first stage inter -cooler drain by a 
regulating valve. Another way is to throttle or wire -draw the 
suction to the low pri'ssure cylinder, but this leads to trouble : 
thereby the (jompression ratio of the high pressure cylinder is 
increased, for the same delivery pressure, causing a great rise of 
temperature ; and, further, there is the risk of the crank-case 
lubricanji being sucked into the low pressure cylinder in excessive 
quantity by the reduced pressure. This lubricating oil may 
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carbonization and gumming, if carried into the high pressure cylinder, 
at the increased temperature, and may be ignited during compres- 
sion. With leaking delivery valves there is the further danger of 
oil being carried over into the storage bottle or air receiver, and the 
highly heated air may pass back during the suction stroke and 
increase the compression temperature. Explosions in air receivers 
have been frequently traced to the ignition of the lubricating oil. 

The tliird nu^thod is that of variable clearance control ; namely, 
to retain a minimum clearance in the low pressure cylinder, and toj 
greatly increase tlie clearance of the intermediate and high pressure! 
(‘ylind(irs, so as to vary the volume^ of air delivered without seriously\ 
altering the pressure^ and tem]Kuature. ; 

As an example of modern practice!, the quadrupk'X single-stage 
air compressor, made by Messrs. Reavell & Co., Ipswich, is single 
acting. Four cylinders deliver in one revolution into a common 
air btdt. The (jonm^cting rods are forked and secured to the 
gudgeon. Admission is through ])orts in th(‘. gudgeon piri, and corre- 
sponding slots in th(! piston . Thus no suction inlet valves are required. 
There is ])ractically no clearance, except the small port which is 
machined in the top of each piston. The volumetric elHchmcy is 


'I’lUAT.S 

1 

2 


4 

rresauro m dolivoiy ruaiii, D), jut .s(j. hi. 

l‘2(t 

100 

75 

50 

Revolutions per minuto 

l?ro9.sur(! in receiver and pipe.s, after (ionlirij^ to 

:im) 

301 

30ti 

303 

suction temperature, Ih. jkt sfj. in. ^nui^a‘ . 

107 Ti 

86 

64 

43 

Volume delivered, cubic lf'(5t free air 

619-5 

506 5 

359 5 

222 

Volume .swe]U; by pistons, cubic f('et 

767-5 

587-0 

403-5 

241 

Volumetric ellicioncy, jier cent 

84-6 

86-3 

8iM 

»92-l 

Horse-power at eompres.sor shaft . 

130 

118-7 

104-3 

88-4 

Indicated air lior3e-j)oweT .... 
Volume of free air actually delivered per minute 

100-4 

90-7 

82-1 

66*8 

at revolutions given above* 

582-5 

579 

607-5 

622-6 

Brake lior.se-pow(!r per cubic foot deliveiei! . 

0-223 

0-205 

0-172 

0-142 

Weight of cooling water per nun. -lb. 

80 

80 

80 

80 

Temperature range of cooling water, Kahr. 
Horse-power at compressor shaft, B.Tli U. ])er 

65-84 

55-8 

55-75 

66-7 

min. . . . . . . 1 

5510 

5040 

4420 

3760 

Pleat extractcfi by cooling water, B.Tli.U. jut 





min. ...... 

2330 

2000 

1600 

1200 

Thermal eliieiencie.s p(!r cent- - 





Isothermal hor.se-powcr based on diSjilacemenl. 

96-5 

96 

95-5 

95 

iiidicatod air horse-power 




Lsotliermal horse-j tower based on delivered air 


83-5 ^ 



Indicated air horso-pow^or 

82-4 


86 

88-5 

Overall efficiencies per cent - 
Isothermal horse -power based on delivered air 



f 


Jlrake hors(*- [tower at compre.s8or shaft 

63 6 

64 

67-6 

67 
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considerably higher than when automatic valves are used, because 
the absence of the latter enables the clearanet*. to be lessened. The 
delivery plate-valve consists of ribbon steel strips seated in a 
circular plate having slotted ports. 

Captain H. Riall Sankey made careful tests of a Reavell quad- 
ruplex compressor ; cylind(‘r 12-5 in. diameter by 8 in. stroke, single 
stage, rated at (572 cub. ft. of free air p.T min. displacement, and 
compressing to a delivery pressure of* 120 lb. gauge pressuire. Some 
of the results are as shown on xu’ovious page*. 

Example 1. Tlio indn-ator card. Fig. 43, taken from this (joiupressor at 
speed 309 r.i).m., during the lirst trial gives data for the calculation of 
indicated air horso-])ower at one instant. 3110 student should plot tho above 
results of trials as a graph on dtdiva'.ry pressure ns base, with ordinates : 

120'5 mK 

* ' Total Alt Horse PoLuer 4 Cyls-09'S 

l\/I.E.R33‘08 lbs°" 

A.H.P. 24-95 


Kio. 43. Tndk'-a.tor Diaqra-m khom Atr Compressor (Rtavell) 

(1) the overall isothermal cnicienc.y ; (2) brake horse-power per cubic foot, 
and isotliemial horse-jiowcr per cubic foot of free air dclivi'rod ; and (3) tho 
voluiiictric eflicji'ncy. 

Compressed Air Motors. CJomprcssiul air is used for a large 
variety of purpose's, and on aceonni of its safety, espoidally for the 
transmission of powiT in niiiies. After cooling in th(^ compressor 
receive'!, the comprcssi^d air flows through su})ply mains to the 
motor and, in th(^ cylinder, does work by (expansion. The cycle in 
the motor (jylindcr is liki', that of tho air compressor reversed. 

If the air after expansion is exhausted just above atmospheric 
pressure the temperature may be below the frc(*-zing point, then 
any moisturii in tJu^ aii’ would bo depositi^d as snow, which would 
block the exhaust valves of the motor. In order to prevent snow 
and ice forming in the motor cylindi'i* the air is warmed by steam 
and passed through a “ preilu'ater,” or lusting stove, at constant 
pressure, bi^foro admission to tho motor. The volumci of the air 
is thereby incn'ascnl in ]n’oportion to th(' absolute temperature, 
and part of this heat enc'rgy is eonvertc'd into additi()nal work in the 
motor cylinder. 

Let 1 lb. of compressed air from the mains in the state pi, 
and Ti (jibsolute) bo heated at constant pressure to T ^ so that 
V T T 
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When admitted into the motor cylinder at constant pressure 
Fig. 44, the work done is piV. Next, during expansion from absolute 
pressurtJ pi to p.^, according to the law pv'^^ constant, the work 

done “ ~ during exhfiust at constant pressure p^ the 

work done by the ])istou on the air = - P 2 ^’ 2 - 

The total effective work doni^ by the air during tlu^ cyv\r, is 


W 


PiV ~ 

.. ___ 


71 

w ~ i 


{pyi'-Pzih) '• 


butp?; ~ RT, ami IF 


n 


71 - 


R(T - 1\,) 


n - 1 


. RT 



also 




Fio.'"44 



(13) 


Example 2. An engine is hu])1)1h*( 1 willi compressod air 
ut lb. jier s(j. in. (abs. ) and (Jo" K. Tlio air is expanded 
according io the low pv^ * - conslant, down i,o 15 lb., and 
Ibeii oxliairslod at that proHsuro. Di'toriiinie the pomids 
of air that will bo used jior hour per indicated horse- 
])()W(M, and cahailate Ihe teinjifTiiture of tlu' an- at the end 
of exjiansion. Xe^^loet losses due to eliairance, t'.te, 

(l\L, hSc. 


Take 1 lb. of air at 


Ti — ()5° f 400^’ - - o2o° F. (abs.) ; and pi ~ IH) < 144 lb. per sq. ft. 

ii 




RT, 

Pi 


53^2 ^ 525 
‘ycTx 144 


2-1551 ( ub. ft. per lb. 


During expansion 



Take logarithms, 

1 (1-77KI5 

log 7 ;, - log 2-1551 hY:^k)g6 0-3;m7 i - J ’ -0-93204 
‘ — H-5515 cub. ft. 


Work doTK' by 1 lb. of air in motor = ^ (pi^’i - 

^ X 144(90 X 2-1551 - 15 x 8-5515) 

=- 624(193-959 - 128-273) 624 x 65-686 ft.-lb.' 
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Weight of air per indicated horse-power hour 
33,000 X 60 


624x65-686 


48-31 lb. 


Answer. 


Now 7 p- =-■ 


MS)' 


:.T^ = T, ^-*13 = 525 X IS 


3 3 

and log r2 = log525-^log6=2-72016- X 0-77815 = 2-540586 
2'.^ = 347-2“ F. (abs ), or 347-2° - 460° -- - 112-8° F. 

Answer. 

Example 3. What ih tlu* horso-power required to drive an air eompresBor 
which takoH 20 lb. of air per min. at 00° K. and atmospheric pressure, coin- 
presses it in one slagi^. to 0 atmospheres, and delivers tlie air to a receiver 
afc this ])resfeure. Compre.ssion curve, — constant, and mechanical 

efficiency of the compressor HO per cent. Neglect losses due to clearance, 
cooling, leakage, etc. 

Here == 60" | 460°=^ 520" F. (abs.), and, as in Fig. 39, we have 

n r/ ^ "1 

Work (lon(3 p(‘r pound of air — ~ ^ I 

] .9r; 1 1 1 25 1 i 

- r2.-r- 1 =< X [(t ) ' “ - 1 J 

' = 5 X r,:in X - i) so.on ft.-ib. 

Work for 20 lb. air per min. — 59,017 X 20 ft. -lb. per min. 


X 53*2 X 520 T 


and I -■'> 5 

6= = 1*431 


59,017 X 20 100 


Horse-power required ~ ~ ^000 80 Answer. 

To check, taki* llu’ volume of 1 lb. dry air at N. T. P. 

12 .39 cub. ft. -- 

volume of 1 lb. dry air at 1 atmosphere and 60" F. 

520 

- 12-39 X ^ - 1309 cub. ft. 

492 

volume of 20 lb. of free air at 60° F. =13-09 X 20=261-8 cub. ft. 

/ Pi 1 

Now^^i . P2 ■ V ( ,7 ) " 6 

X = '"S 261 '8 - 5 log 6 -- 1-7954 

— 62*43 cub. ft. 
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n 


1-25 


14-7(6 x624a-l x 261-8) 

= 720 X 1657-86 ft.-lb. 

. , 720x1657-86 100 ,, , , 

andhorsc-poworr<;quu-e(i= — no'nrirr on = Answer. 

j oOjUUU oO 

The amount of hi^at that escapes through the cylinder walls to 
the cooling water may be estimated by equation (14) (p. 87), 

n ^A 1‘4-1-25 59617 x 20^„^, 

V = r — r X done -= — p-- — - X - C.H.U. per min. 


y-1 


1-4-1 


1400 


= 319-38 C.H .U. per min., equivalent to- ” 13-54 H.P 

oOjUUU 


Example 4. Air nridor ahiiiospliorio coiiditiona of 151b. per sq. in. and 
10° iX, la drawn into tlio low jireRsiire cylinder of a two-sta^e air compressor, 
and is coTnjiroascd adiabatictaUy to 1001b. per sq. in. 'I’lie air is then cooled 
at constant pressnn* to 20° C., and is drawn into the bip(h ju'essnre cylinder, 
where it is compressed to OOO lb. pen- sq. in , at which prcssiirt^ it is diacharpcd 
into the reservoir, (lahmlate the liorse-power of the compressor which thus 
deals with 800 cnb ft of air ]M*r lumr measured at atinos])heric conditions. 

{(XL., n.Sr. {Eng.) ) 


Let pi, Vi, Ti and P 2 . be the jmtssiire, volume, and tern- 

pcratur(‘, respcctivc^ly, at start and end of the lirst stage ; also 
Pgj ^2 ) '^2 at tlie start and end of the second stdfee. 

Neglecting clearance volume, thii work doiK^ in compressing J lb 
of air unclear above conditions, b}^ equation (3), is 



-I 293(()T'-l)j fl.-lb. 

= 33G {283(1-7195- 1) k 293(1 -OGSo - 1)( 

- 336 {203-62 + 1 95-87 1 = 336 x 399-49 
= 134,230 ft.-lb. per lb. of air. 


336 |283^?|^ - ] j 


The com])ressor has to deal with 800 cub. ft. of air ^er hour, 
measured under atmosjiheric conditions, i.e. v 

y ~ 800 cub. ft. when^) — 15 lb. jicsr sq . in., and T = 283° C. (abs.). 
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Now 


jpv ~ w . RT, where w = weight of air = 


pv 

Rf 


144 X 15 X 800 
96 X 283 


18,000 

283 


63-6 lb. 


work in compressing 63-6 lb. of air per hour 
— 63-6 X 134,230 ft. -lb. per hour. 


horse -power of compressor — 


63-6 X 134,230 
“^,000 X 60" 


4-31 If.P. 
Answer. 


Students may (‘heck this rc^sult by calculatijig the changes in 
volume of air by adiabatic coinpression, i.e. from 800 to 
206-34 cub. ft. in the low pressure cylinder, and from 124-24 to 
34-548 cub. ift. in the high pressure cylinder; also d(^termine the 
amount of heat giv(‘n i)er hour by th(‘- air to the watcT in the inter- 
cooler. 


Example 5. Doleirnino the size of cylindor for a double-acting air (jorri- 
preasor of 50 l.H.P., in which tho air is drawn in at 15 lb. ]>roaauro and 60® F., 
and compressed, ac-cording to tlio law — constant, to 00 lb. pressure. 

Kevulutions p(‘r ininuki, 100 ; average pivSton speed, 500 ft. per min. Neglect 
clcaranco. (U.L., B.Sc. {Eng.).) 


Given ^ “ {^) = 6' = 4-451 

wherci jh P 2 pounds p(‘r square inch, and and v.^ cubic foet. 

11 Work done per cycle 

Mean effective pressure p„, lb. pi^r sq. in. = - , - - . — — . 

Stroke volume 

1-2 /VoVz-PivA 

Then 144 X p, -- ^ ) X 144 


and 


- 6 


, 90 

=- 614.4^-15 


— 6(20-22()3 - 15) = 31-3218 lb, per sq. in. 

Let A be the sectional area of cylinder in square inches, 
{A X 31-3218) X 500 = 50’ X 33,000 ft.-lb. per min. 

, 3300 

31-3218 = 


Diamviter of cylinder = ^ 11-58 in. 

V 0-7854 


Answer. 
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A double-acting compressor at speed 100 r.p.m. gives 200 piston 
strokes per min., and the average piston speed = 500 ft. per min. 


piston stroke = 


= 2-5 ft. 


Answer. 


Example 6. A Iwo-staj^e uir compreasor is to deliver air at 800 lb. per 
sq. in. pressure. The cylinders he#/e the same stroke and tlio air is cooled to 
atmosplienc temperature, 15° O., in the inter-cooler. Determine the ratio of 
the cylinder diameters so that tlio jiowor required to drive the compressor 
shall be a minimum. Find the work required to compress and deliver a pound 
of air. Take atinosjihoric pressure as 15 lb. per sq. in. Assume adiabatic 
compression. (U.L., B.Sc. {Eng.), 1924.) 


In a two-stage compressor, assuming that air enters the second 
cylinder at atmospheric temperature, as in Eig. 40, and neglecting 
friction, leakages, etc., the work done in compressing 1 lb. of air 
from Pi to Pgfb- ^ f^quatioTi (5), is 


W = 

71-1 


Pifh 


Ip, -VLJ l 

l\pl) \pi) J 


It has btuui shown (]). 128), by differentiating and equating to 
zero, that the abov(‘. c!Xj)i‘(‘ssion for work is a minimum when 

Pi =-■= N'jhjh, 


from which it follows, by ('((nation (0), that 




As air is at the same temperature when admitted to the high 
pressure cylinder as wdien admitted to the low pressure cylinder, 

then PiVi ~ P 2 ^h^ alsopg - — a/15 X 800 — 109-544 

. _ Ih -3. _ 7.3 

■ ■ /’2 ' Ih 15 

and the cylinders have same stroke. 




V7-3 = 


2-7 — ratio (jf cylinder diameti^rs. 


Answer 


The work don(* to compn^ss and deliver 1 lb. of air, by equation 
(9), as above, 

i7f 1 


271 r fpC\!LA 


for air w = y = 14 , and ^ 2-8 


2-8 


If = ^ X 96 X 288 


n-\ 14* - 1 _ _ 1 

r/ 8 oo\’-'^ 


LVJ5 


i\i/7 n 
) - 1 ft 


•lb 


= 193,536 ( 1-764875 -11 = 148,030 ft.-lb. Answer. 
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Ezampls 7 . Prove that the ratio of throat pressure to initial pressure in 
a convergent-divergent nozzle is ^ , when n is the adiabatic index 

for expansion, and find an expression in terms of the initial pressure and 
specific volume for tlio discharge per square foot of throat area per second. 

{J'.L., li.Sc. {Kwj ), 1924.) 

Suppose a gas to flow through a convergent-divergent nozzle, 
Fig. 45, from a chamber where the pfessure is lb. per sj^. ft. to a 
chamber where the pressure is lb. per sq. ft. Let pa be less than 
half pi. Assume the pressure at the throat = lb. per sq. ft. 

Let A — area of throat in square f(*et. 

and = syKHuflc volumes of gas, at pressures and 
cubic feet per pound. 



Volume , 

Fio. 45 Fro. 46 


Theij discharges 

AV W Y 

= ^ r Ib.rwsoo. ^ (1) 

It will be found, when we get an expression for V in terms of 

V 

pij P2’ and 71, that the ratio — roach(‘s a maximum and then 

diminish(^s indc'finitely- This means that for any discharge the 
cross-section of the nozzU^ must have a “ throat ” or minimum area. 
From the pv diagram, Fig. 46, we get 

pa 

Heat drop — gain of kinetic energy — — 

Til 

— H -lb. per lb. of gas 


V n , 

2(7 • ■ (j'.”. - ft. per sec 

As the expansion is adiabatic, we have 


Pi-t’i” = 


Vo = y. 
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,, W V 1 /p^\L I' n ;■ 

Hence^ = - = - ^2gx :;^{p.v,-p,v,) 

L (^\~ 13 ”:. fi 

\2h/ V^i-iL i?’v 

. j3r^3r\ fpjf 

V w - ] • [p,/ j 

■"■'“'"[(s)' (ji;)'" ']“ 


( 2 ) 


will be a maximum 


Let -— X, thcui y = 
Ih 

T rt. dy 2 

dinerentiating, .*. ^ - 


a maximum 


2 i» f 1 

Xn ~ X w , 

- ^ 7?. + 1 I 

— . X n . X >1 


^ . 2 LJi n + 1 L 

or a maximum, — .x p — . x n 

71 n 


2 


n '1 


— : -j- = a; 

n + 1 


■■-(40- 


p? 

Pi 


w + 1 


Hence maximum discharge from equation (2), 


If 


71 - 1 ?li 


2 

71 1 




11 -f 1 
ii' 1 


Answer, 

f 


Example 8. A ainglf-Htago air com])r(iss()r diMi)la(;i*R 1 cul), ft. per working 
stroke. The (donranco is to Iw* taken as O-lii cub. ft. (this is exceasivo) for the 
purposes of tliia question. During tli(‘ eoiupression the index ii can be taken 
as 1 3, and at- tlie end of the d(‘livery stroke t he air in tlie clearance space is 
at a temperature of 100“ C. Tlio law of the ex])ansion of thei c*learance air is 
n = 1-35. P"ind the actual volume of air, at atmospheric pressure and tem- 
perature, sucked in ])er stroke. Assume suction jiressurc 14-7 lb per sq. in. 
and temjierature of admitted air 14“ 0. Delivery ])ressure at 80 lb per sq. in, 

{U.L., li.Sc. (Em/.), 1920.) 


Suppose the heat gained or lost to the oylindtT walls is negligible, 
and the clearance air expands to 14-7 lb. per sq. in. before atmo- 
spheric air is freely admitb^d. 

To find the temperature and volume at end of expansion of 
clearancti air, 


^ 1.35^ 


or 




Pi 


V 


f. 



015 



1 



X 3-5070 = 0-52V) cub. ft. 
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On Fig. 47, ad = piston displacement or stroke volume = 1 cub ft. 
Weight of clearance air 

_ 80 X 144 X 0-15 _ 18 _ ,, 

R . Te 96 X 373 ' 373 

Ijct temperature of clearance air at end of expansion bo (abs.) 
1\ I 80 \*JL 


then y 

T. p, 14-7 


ir.r)i5 


T 373 

I\ - T^r-,r ^ , rr, - --= 2404° C. (abs. 

1-5515 1-5515 ^ 


aodimb 




Fig. 47 

Again, 

let T = tempcTature (‘^C. aba.) of air in cylinclc*r at end of 
auction stroke, 

volume Vfj = 1 -15 cub. ft., since piston displacoinent is one cub. ft. 
an^ pressure pi — 14-7 lb. per sq. in. 


M^eight of air in eyliiidcu’ 


_ p, . 14-7 X 144 x M5 25-358 

’ ~ E~ ' "Ob X t: ^ t:. 


NegU^ctiiig work done during suction stroke^ T is the ix'sultant 
temperature obtained by mixing 
/ 25 -358 \ 

( - ()-04826 J lb. of air at C (287" G. abs.) 

with 0 0482() lb. of air at 240-4° C. (abs.) 

^25-358 \ 

287 - 0 04820 | | 0-04820 X 240-4 

■ T ^ ^ ^ 

■ ■ . 25-358 

7277-6 7277-0 

25;358 = ~ - 13-85 + 1 1 -0 - ,, ~ 2-25 

j 7277'0 
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Hence weight of air drawn into cylinder 

= _ 0‘0482 - ()-0962 - 0 0482 =- 0 048 lb. 

26,1 -6 


and the volume of 0 048 lb. of air at 14-7 lb. per sq. in. and 14° C 


0-048 X 96 X 287 
1^7 X 144 ‘ 


0-625 cub. ft. 


Answer 


-= volume of free air sucked in })er stroke at atmospheric 
])ressure and t/(miporature. 



Fig. 48. 'l\vo-sTA(a-j Kotoh ok a l’iiHiu)-C(>MT’ru>:ssoH 


To check this result, 
Pa ■ =- Ph 



;jG8ii 


and 


3-6Sil 


i 

1 :i 


M5 
3-681 1 
80 


— 0-3124 cul). ft 


1-48 


vy 

Vo) ■ lJ4-7. 

1\ -- 263-(i X 1-48 ^ 390" (!. (abs.) 
w(‘ight of air in cylinder at h 


_ __ X 144 X 0-3124 

RI\~~ 96 x 390 X" 

But the weight of clearance air == 0-048 lb. 


0-096 lb 


weight of air delivered 0-096- -048 — 0-048 lb. pet cycle, 

which is the weight of air sucked in per strok(^, neglecting friction 
and leakage past the piston and at valves. 
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Tuibo-Coniprsssors are takins the nliee nf fii j’ 
eating piston type of compressor ospLialiv Ihen 
air are dealt with f(jr varvina lmri= ^ volumes of 

min. at delivery pWssure of 80 to ](W 11)™^ sq'^bi^Suri*’’ 
m mining mstallations for the supply < f^air to' IHI ® 
haulers, and other pneumatic appl/anoes ’ 

“rZ’sr^b’r;?, “'"''"-s'"" 

able for many appliances 111 t ’ T 'T’’ ^--e suit- 

*liv.Ty „f ^ !«-» for 



for tMrbo-coiii[,r."sK<,r^ oITw-oo^'of itaT ‘I".'" 

of ” ‘"'"»-“'"l'««or, r„„»ai„g 

JirciTOarv rivotol I ! ,'*!“ '"T “’™'' fli»r with thi 

n.,» o,,V„ll, rt.ZZ r “ 

“X« ' .'Z";" Z" 

e. th.; rf#:.r;s (■Erzi.wZ*X'ii;ii'^i;" 

the aiiDular space of tJu* i'HJOowi, and fitted in 

the impeller disks Tliesp diff ' ‘ f>toior^ surrounding 

dlutaoro 111 , *os cnrefnlly .hiiird •nd'fitJod'infli Z?* ‘°r '>? 

in the siator. The diffuser blades h w “*'° ‘“love-tailod groove 

voryf.„,,.di„s,,,,,„|.nr.\„r?lZZ^^^^ 
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of tho voluiYio of air to be deliven^d. C, the guide blades or vanes 
required to deliver the compressed air to the next stage with as 
little frictional loss as possible. The arrows, Figs. 49 and 60, 
show the direction of the flow of air into the impeller A, through 
the dilfuser B, and between the guide blades (7, so passing into the 
next stage, where the same pro(;ess takes place. 

Th(^ air, in passing through th(‘. diffuser, has its kim^tic energy 
convertcKl into pr(\ssure energy. The ccmdiiions of air flow for the 
efficient convc^rsion of energy are : (1) In order to rediKu^ frictional 
losses, th(5 diffuser passag(\s and surfa(‘e.s over whicdi the air passes 
must be polished as smooth as possible ; (2) the close pitch of the 
blades must ensure guidance; of the air flow in stream -line formation, 
so as to avoid eddit;s wliich would dissq^ate the pressure energy in 
heat ; (3) the shape^ of the blad(;s must provide a gradual tapering 



of the sections of tin; guide passage;, without sharp b(;nds, and 
defletd tht; flow of air from a tangential into a radial dir(;cti(jn, in 
the shortest ])ath, tvii/iofU shocl:. 

It is obvious that the higher the j)eripheral speed at the tip or 
rim of the rotor disks, the gi*ea.t(;r will be tin; velocity of the air 
projc'cted into tlu‘ diffuse'!’. Peripheral spe(;d is limited by the 
stri;sses in the nu;tal due to centrifugal force, and spc;cial alloy 
st(;(;ls, lik(; nichel-chrome stc(‘l, allow of sp(;(‘ds up to 800 ft. per sec. 
in common practice. The curve, Fig. 51, shows that a velocity of 
800 ft. ])er s('C. produces a com]3ression ratio of the outlet pressun* 
(absolute') to inlet pn^ssuo' (absolute) equal to 1-4, that is, 40 per 
cent ris(' of pn'ssun; in a singk' stag('. A modern turbo-eompn'ssor 
will produce a pn'ssure of 100 lb. p(*r sq. in. (gauge) with 8 to 10 
such stages. 

Cooling. In the piston type of compr(;ssor the t('mperature at 
the end of cojupression is usually h'ss than that due to adiabatic 
compression, by reason of lK;at transfer to tlie cylinder walls ; but 
in the turbo-compressor tlu; maximum t<;mi:)erature attained at the 
outlet of the; diffuser blades is generally above that of ^diabatic 
compression with th(‘ same compression ratio, owing to the skin fric- 
tion and scrubbing of the air at high velocity b(;twecn the impeller 
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disks and the walls of the casing, since the resistance offered by 
friction to the motion of the air is proportional to the square of 
the velocity. The actual temperature rise, shown in Fig. 52, 
is from 60° F. to 140° F. per stage, under the above conditions of 
peripheral speed. The mean density of the air during its passage 
through the irnpollcT is thereby reduced, as also thti dc^livery pressure 
whilst the energy absorbed at the cojnpressor shaft is increased. 
For instance, in a compressor of rated output, 10,006 cub. ft. of 
free air per min., this mass of air passing per minute weighs 765-2 lb. 
and the heat energy due to the rise of its temperature 80° F., 
amounts to 


80 X 765-2 X 0-24 = 14,692 B.Th.U. per min. 


AT 1 u o 

hence th^^ heat en(;rgy 
per stage in the compressor 
equivalent to 

14,692 


equivalent to 42-416 B.Th.U, per min., 
gom^rati^d 


IS 


= 346-38 H.P.. 


. 70 


0 7 2 4 6 

Number of Intercoolers 

Fjc4. 53 


and this heat energy must be ab- 
stracted by the cooling water in ^ 4o 
order to reduce the air to the 
original inlet temperature before it 
enters the next stage. 

The tendency in practice is to increase the-, disk s])eed in order 
to^4Teet the. total cotnpression in fewer stag(‘s, but this means a 
still large ^r tcunperature rise per stage. Hence it is necessary to 
employ tlie most (effective JTiethods of cooling. 

The casing of tlu^ turbo-compnsssor may have a water jacket, 
but the cooling surface obtainable is not suffieii'iit to abstract all 
the heat, and in addition inter-coolers, like thc^ condenser of a steam 
turbine, are usually placed bc4ow the compressor casing. The 
simplest construction appears to be not to jacket the casing, and 
to use an int(^r-(;ooler after the first and second stages, and every 
third stage. Tlu^ diagram, Fig. 53, for a compressor delivering 
10,000 cub. ft. of free air per min., compressed in nine stages to a 
gauge pressure of 100 lb. per sq. in., is based on the assumption that 
the temperature of th(^ air is brought down to suction temperature 
after each inter-cook-r. ’ The greatest gain is from the first two 
coolers, and only a small gain from the cooler after every other 
stage. The over-all efficiency per cent is equal to the 


Ideal isothermal horse-power 
Brake horse-power 


X 100. 
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Governing. In the ecarliest types of tnrbo- compressors, the 
diffuser guide blades were either omitted altogether or rough ribs 
were cast with the easing, and the loss by friction was excessive. 
To reduce this loss and obtaiji tht^ exact inlet angle for all the 
blad(*s, these were cast in rings and inserted in the stator. When 
the volumes of air n'quirc^d exccM^dtul the normal output, there was 



FlC. .^1. ClI TKinSTir CUHVKS or HtC. 11 rUT:SSl.llT*: 
TniBo-CoM iMiesso ii 


a gradual fall in tlie ])r(‘ssur(‘ of the deliven^d air, and nmeh greater 
brake hors(‘-power was requirc^l at tlu' driving shaft. 

A mark(‘d advance was inadc^ in the, Ileavell design, giving greater 
control and flexibility for considerabh^ variations in volume. 

The charaideristic curves, Fig. 54, indicate th(^ reflation between 
the pressure and outjmt volume of air, also tlu‘ horse-power curves 
corresponding to the variation of output in terms of volume, under 
the different conditions. 

For varying loads, the angle of the diffiiser blades, Fig. 50, is 
altoed by means of an extremal hand wheel. The effect is to alter 
the characteristic curve from an output eorrcs[)onding to the 
pressure volume curve a, at normal full speed, to that of c, at one 
point of diffuser control and full speed. This method of control is 
of great advantage in colliery work, where practically constant 


AIR COMPRESSORS 147 

pressure is required, but considerable variations in volume are 
demanded. 

Also, by reducing the entrance angle, much smaller volumes can 
be delivered at a lower pressure, as shown by the curve 6, for the 
usual speed reduction anticipated . In both cases the overload or 
brake horse-power at the driving shaft is reduced. 

Measurement of Output of Air Compressors. One of the largest 
compressed air installations known to the Author is that in con- 
nection with th(^ Victoria Falls and Transvaal Power Scheme, in 

MEASURING ORIFlCL 



MANOMETER 

Kru. 55. MeASTu<K\tK\T oc Ain-CoiviniKssou I)ts('har(;e 



which t}u‘ air is cojnpr(‘ss(‘d to a pressure of 100 to 120 lb. per sq. in, 
(gauge) by multi-stagt^ turbo-compressors, and distributed along 
mains over 32 rnilt^s in length to the mines on the Rand. The 
capacity of the air meters installed is over 300 million horse-power 
hours pc^r annum. The nuiters r(‘gist(‘r in kilowatt-hour units the 
energy necessary to cornprtvss the air supplied from thc^ mc^an 
atmospheric pressure 12 11). per sq. in., and the temperature at 
Johannesburg, to th(‘ pressure of delivery, on the assumption that 
the compression is isotht^rmal, of a fixed overall efficiency. The 
maximum rate of sup})ly of compn^issed air is 5,000 tons of free air, 
compressed to 120 lb. per sq. in. (gauge) and delivered each working 
day, or (i yearly output of over 2,000,000 tons of corapre^ssed air. 

Mr. John L. Hodgson carried out the scientific research work, 
invention, and design of the various appliances for metering this 
compressed air, and registwing the power accurately to within 
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± 1 per cent. He found that one general formula (p. 153) and two 
curves of coefficients of discharge suffice to represent all types of 
flow for an orifice of given proportions for any one easily com- 
pressible, elastic fluid such as air, and for all relatively incompressible 
fluids such as water. 

Air compressors arc rated by the volumes of air actually delivered 
at the given pressure, expressed in cubic feet of “ free air ” per 
minute, that is, th(^ volume of air delivered when expanded down to 
atmospheric conditions at 14-7 lb. per sq. in. (abs.) and 60° F. 

Fig. 55 shows the most accurate arrangement of measuring air 
compressor discharge by means of an orifice ; although Fig. 55a is 
the more usual way. The compressor delivers air at the required 
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pressure into a receiver of sufficient capacity, and a control valve 
regulates the flow from the receiver so as to maintain the %ill 
pressure in the receiver. The air is expanded through the valve, 
down to m’lariy atmospheric pressure, along the necessary length of 
straight pipe, 10 and 5 times the diameter of the dtdivery pipe 
as shown in Fig. 55, frec‘ from valves, bends, t(H',s, and obstructions 
on the up-stream and down-stT‘eam sides of the measuring orificev 
A slight pressures difTerence will thim be set up at the orifice, between 
the receiver and atmosplum^, wliich remains constant when a steady 
state of flow and equilibrium is reachcKl. This pressure difference 
furnishes the means of deUn’inining the volume* of air delivered per 
minute by the compri^ssor. 

The square-edg(‘d circular orilice in a thin plate, mounted between 
flanges, as shown in Fig. 56, forms one of the best secondary stan- 
dards of flow ]neasurcun(mt. The orifice is b(‘- veiled off on the down- 
stream side at an angle of 45°. Th(? orifice plate must bo thick 
enough to resist distortion under the difference of pressyre. 

The discharge coefficients. Table I, apply to orifices with the 
pressure holes in thf^ plane of the orifice, Fig. 56, and their position 
in similar orifices for different sizes of j)ipes should be geometrically 
similar in order to have the co(^fficients of discharge identical for 
the same ratio d^jd^. The advantage of the square-edged orifice is 
that it is cheaper to make and more easily reproduced with a^^curacy 
than a nozzle ; so that if the coefficient of discharge for a particular 
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ratio of ^ 2 /^ 1 * for particular positions of the pressure holes in 
relation to it, has once been accurately determined, this same 
coefficient of discharge can be used at corresponding velocities for 
any other size of orifice in which all these things are geometrically 
similar. 

It has been found by Mr. John L. Hodgson that it is possible, in 
the case of any one fluid, siuih as air, to deteuinim', experimentally 
the values of the discharges coefficient, C or ^la, for various values 
of the expansion ratio 2hlpy pT'essures across the orifice 
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This discJmrcje coefficient allows for the effects of friction through the 
orifice, contraction of the jet at the orifice, and the effects of compres- 
sibility of the fluid. 

The valuers given in Tabl(^ T arc basi^d on the data obtained by 
using square-edged circulaj- orifice — 

TAHLVj t 

V’^ALUl'lS OF l)lS(mAKGE COEFFIOIENT, O - lif/ 


( L , 




pjpi 







•07 

^5 

•00 

-8 

■7 

■(> 

•5 

■4 

•8 

(iOO 

■500 

•507 

500 

■505 

•540 

■508 

■475 

■443 

■5 

•(330 

■027 

■022 

015 

-505 

■570 

-.542 

•520 

•491 

■4 

020 

■020 

■018 

•015 

■000 

■ 5 S 0 

■554 

■530 

■600 

■2 

(320 

•(>20 

■018 

■015 

■000 

■580 

■554 

■530 

•500 

•1 

■620 

■020 

■018 

■615 

■600 

■580 

■554 

■530 

•600 


This orifice can bo usiul for measuring air vtilocities for any value 
of P 2 IP 1 between unity and zero, provkh^d that the value of the 
discharge coefficient, f2rx, is known for a geometrically similar orifice 
at the value of P 2 IP 1 worked at. It is, however, preferable and 
usual to work at values of P 2 IP 1 which lie between unity and 0-97, 
as then practically no allowance has to be made for tlu^ compres- 
sibility of the air. Moreover, for an orifice having 
0-6, the^ coefficient of discharge Qa is practically constant over a 
wide range of flow, both for gas and liquids. 
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The shaped nozzle, Fig. 57, may be fixed at the end of the pipe 
line, as in Fig. 58. The special point to be noted in the design, 
Fig. 57, is that the centre of the radius of curvature of the nozzle 
must always be on the line EF, which passes through the edge of 
the nozzle. When is so great that the point B, where the curve 
of the nozzle intersects the line AC, would be farther from the 
centre line of the nozzle than the point C, the curve must be struck 
so as to pass through the point C. 

Careful t(^sts show that the’: discharge coefficient of a nozzle, 
shaped as in Fig. 57, is about 0 985, and is quite as good as more 
elaborately curved st andard nozzles. But, owing to the difficulty 


MCRCURV COLUMN 
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of machining the walls of tlit^ nozzle to an exact radius and of avoid- 
ing small abrupt changers of curvature in them, th(‘ coefficient may 
be in error by 8 or 4 ])er cemt for any particular nozzle. 


TAHLE n 


1]S OF Discitauuk C 

'OJCFnCTENT, r ” 


ilia})(‘d Noz/.les, win 

•n pjpi iR than 

()r)5 

0 s j -0 

1 '' 

•2 

(1-4 :t:! ! -455 

i ! 

■480 


I 


■480 


The values of Llfi givcm in Table JJ apjjly to nozzles eitht‘r fixed, 
as in Fig. 58, or b(^twe(‘n llang(\s of the pipe line, ])rovid(‘d that d^ 
is not greah^r than about j of the (iiameter of tli(‘ ])ipe. In the 
same Avay, th(‘ values of ihi, given in Tabk* I, would ap])ly to 
square-edged orific(‘s discharging into free air, ])rovid(‘d was not 
greater than about 

When measuring air discharges uith an orifices or a nozzle, it is 
ne(‘essary to emsure* that any water that gets into or condenses in 
the pressure j)ii)es, will not vitiati^ the readings. With this end in 
view, the pressure^ pipes should be taken out at the top or side of 
the main, rather tlian at tlu* bottom. Tlu^y should bc^ of sufficient 
diameter to prevent watew hanging in them at corners and b(uids, 
and they should b(^ laid at a sloj)e to drain, either back into the 
main or into drainage? sum])s i)rovidcd with blow-off cocks placed 
at their lowest points. Further, there? should be no U bV^nds i^ 
which water can collect. 
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The difference of pressure can be measured either by means of 
a U gauge, as in Fig. 55a, or a single tube manometer, or a curved 
tube manometer, Fig. 50, as shown in Fig. 55. The advantage of 
the latU^r is that it gives an equally spaced flow scale down to small 
fractions of full flow. A screw operates a displacer, which enables 
the zero to b(^ sf^t when tlu^ manonuder is equalized without 
changing th(*/ liquid in the reservoir- .l)r.ainage sumps fitted with 
cocks remove any moisture ])rosent in the air or gas. 

The air from th(‘ comj)r(iss()r must b(‘ (expanded down to nearly 
atmospheric pj-cssure. This, Fig. 55, is the Jiiost accurate method of 
measuring compressor discliargcs, for quite another reason than 
that it allows thi^ most stmsitive manoim^teis to be used. The 


discharge varies as the square root of th(^ diffi^rejice of pressure 
across the orifice, so that if the mean of this difference is obst^rved, 
and the flow is jpvIsaUng, the discharge 

calculated from the observations would F 2 

be considerably in error, owing to the \ 
fact that the flow dcipends upon the N 
moan of the square roots of the differ- 

ences of pressure, and not on the mean | ] [I 

of the differences of pressure. W (jH 

A further source of error is that ^ ^ 


there may hi', puhations of both 'pressure CcRVKn Turk 

and velocity, and the pulsations of Manomrtek 

pressure that travel along the pres- 
sure pipes may arrive at the manometer at different timers, 
and so (;ause spurious rc^adings. It is, therefore, imperative to 
get rid of such ]nilsations of flow wh(‘n using an orifice for testing 
purposes. Iliis (’an be effected by discharging the compressor into 
a receiver, and tlicn exf)anding the air through a control valve 
nearly to atmosplicric pn^ssure. This is the Ixist way to damp out 
])ulsations beforcj th(‘ air reaches the measuring orifice. 

For very accurak^ work a cellular grid, or a plate drilled with a 
number of suitably ])lac(Hl holes, Fig. 55, should be placed up- 
stream 10 diaimders of the delivery pipe from the orifice, so as to 
guide the flow in parallel streams of air, diffuse the floAV uniformly 
over the section, and to take out the spiral motioJi or swirl, which 
would lower the coefficient of discharges. 

If a turbo-compressor is being tested which discharges air without 
pulsations, obviously a receiver is not necessary. 

A point to be noted when using U tubes for measuring pressure, 
or difference of pressure, is that the bore of the tube must be 
sufficiently large to (diminate surfaces tension errors. With a mano- 
m(‘ter of about ^ in. bore (which is frequently used for mercury), the 
error due to surface tension may easily 0-2 or O il of an inch of 
mercur^f. In the same way, the surfai’e tension (OTor will be 0-2 
or 0-3 of an inch of wak^r gauges in a tube of about 0-3 in. internal 


1 i--(5-i:u) 
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diameter in which water is used. The gauge tubes for water or 
mercury should never be less than ^ or | in. internal diameter, if 
accuracy is desired. Royal Daylight paraffin oil, of specific gravity 
about 0-8, is one of the best manoraettT liquids, as it does not 
evaporate quickly, and the surface tension error in a tube of 0-3 in. 
internal diameter is inappreciable. The oil can be stained by oil 
crimson or other suitable dyes,^so as to make it easily visible. 

In a steady flow through a smooth converging nozzle, like a 
Venturi tube, running full in a horizontal pipe line so that the 
streams of fluid are parallel at two cross-sections of areas A^ and 
A^ sq. ft., normal to the stream lines, the same volume of fluid 
passes each section per second, and is equal to velocity X sectional 
area, or — ?^2 ■ ^ 2 - 

If the flow is adiabatic, neglecting friction, the total energy 
nmiains the same at the constricted section or throat, and the loss 
of potential ciKugy is equal to the gain of kinetic energy per pound 
of fluid passing ; also, the velocity at the throat V 2gh, h being 

the head of fluid in feet corresponding to the pressure drop across 
the throat of the nozzle. 

When the fluid is a gas there will be a further increase of velocity 
and reduction in pressure, owing to the increase of volume when 
the pressure drops. Hence cc»rtain conditions are arranged ; 2^i~ Pi 
must be kept very small, about 12 in. of water gauge when dis- 
charging to the atmosplK'i-e. Also, the difference of pressures ^are 
taken close to (*nch sid(' of a thin plate or diaphragm, as in ifgs. 
55, 55a, and 50 ; and the values of Jhipi kept between 

0-97 and I, so that the specific weight of air may be practically th(‘ 
same on the up-stream and down-stream sidc^s of the plat('. , 

Then the coefficient of discharge, ila or “ for a square-edged 
orifice is prat’tically the same for water and gas flows, and the 
discharge is found by experiment to be proportional to the square 
root of the pressure difference across the orifice. 

Let th(^ observation of the pressure drop, //in., be taken on a 
water gauge manometer, h biung tht'i corresponding head of gas in 
feet, and the pressure /q, up-stream, or Hg in. on a mercury 
column (not shown). 

Now" h — where v is the specific volume in cubic feet 

per pound of air up-steam of th(‘ orifice, and and p^ lb. per sq. ft. 
(abs.). For 1 lb. of gas, p^v — ET, or v — RT jjh where K — 53-2, 
and T the absolute temperature up-stream. 

Substituting these values in the above, (equation, we have 

r 

Hence discharge volume ^ “ C ” X ?’2 X Ag cub. ft. per sec., 
where Aj == area of orifice or nozzle throat- in square fe^t, and 
“ C ” = discharge coeffioient. 
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In order to reduce the discharge volume to that under suction 
conditions or “ free air/' of volume at and T, (abs.), 

P^ 

i\ ~ T ’ 

Pl^s “ P ” J V /o / \ 


Tb / Rp 

- 1 ^ 2 ) cub. ft 

When the pressure drop (Pi-Jh) observed as i/in. “ liead " 
of water gauge, 

2h-P2 -= // X 0 030 X 144 518 H lb. per sq. ft. 

The pressure up-stream, pi, is observed (Hg) in. of mercury 
column, and so is the barometer. 

Pi = {^9 + Barom.) x 0-49 X 144 
= 70-5 (//g+ Barom). lb. per sq. ft. 
also P 3 = 70-5 X Barometer in inches, 

since 0*036 and 0*49 are the pressures in pounds per square inch, 
due to 1 in. of wat(‘r and mercury columns, respectively. 

Substitute these values in terms of the observed readings and 
multiply by 60, gives the volume of air discharged under free air 
(suction) conditions in cubic feet per minute — 




948 “ C ” A . . 


H - 460 \ j I Hg + Barom. \ 
y Barom. j \ y t 460 j 


(14) 


In cast's a .square-edged circular orifice is used, this result is multi- 
plied by the discharge coefficient Table I appropriate to the value 
of the ratio 6 / 3 of the orifice and pipe line worked at. 

Greneral Discharge Formula.* Let Ay and be the cross- 
sectional areas in square feet at two sections in a converging nozzle 
at which the stream lines are parallel, and Vi, pi, Wi ; V 2 , P 2 , the 
velocity, pressure, and density respectively. When the flow is 
steady, the same weight of fluid passes each cross-section per 
second . 

In adiabatic expansion there is no transfer of energy to outside 
bodies, and the loss of potential energy per pound of fluid between 
the sections A^ and ^4^ is 



* See ‘♦The Conimorcial Metering of Air, Steain, and Gas,” Prof. Inst.C.E., 
Vol. 204 (1918), np. 108-193 ; also “ The Onila* as a Basis of Flow ^loasure- 
ment,” Froc. Inst. C.E.^ 1925. 
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while the gain of kinetic energy — — ■ 


V - 


^9 ’ 


Equating, = 2g . 1 1 - J y ' | 

]Y^ fpAL 

also T^i — { ~]y ; and the discharge Q — 

1 J 


■ (ir)) 


Let V — 


AoI\ 2 \Vo lb per st'C. 

Area of pipe up-stream a, sq. in. 

Area of orificu^ or nozzle throat sq- in. 


and 




im., 




. (16) 


i(sr-‘r 

Now ^^ = ^2 ■ A, ■ W, = ^’^ n[p.f 
Substitute (16) in (15) gives 

j' i f, >-i|> 

and Q ^ i 

hene(‘ from (17) we have 

1 

« \pl/ 

where 11 is the discharge coefficient found by experiment.. 
From this general discharge equation (18), is derived 


(? - iiA.^ 


(18) 


Q = nA,^2ff.-~^.pAV,j'^ 


(^) 


(19) 


where P 




y ’ ) - — ( 

Kr 


ri^-RV 

_j 


Here R — — , and Q may be calculated in terms of pi -and the 
ratio which, in discharge measurement, lies between 0-98 and 1 ; 
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but the pressure drop, (Pi—Pi), can be more easily measured than 
the pressure ratio and equation (19) can be expressed in 

terms of Pi-p^, thus — 


(20) 


Q = 12 . 4 , 1 2g . (p,-p.,) 1^ j - («), . 


Avlicrc a 


- 1{ y 

1 


For niaximuin adiahatit; How, it is obvious from (IS), or (i in 
(19) to bo a maxiimirii, wo must havo 


that is, ^^llon 


) liv 


- H y 

y U _ 2 

^ 3' i I 

Ry R y 


a maximum, 


r-i 

1.2 


l'’roiii wliicli, when n = cc, 


y+l 2 ,2 

Ry R r 


r ‘ 
R r 


hogoc 




In the case of air, y - 1408, so that if theue is a maximum flow, 

at this critical value, — = -527, the velocity of the particles of air 

in tho nozzh^ throat is thoorotically equal to the velocity of sound or 
wave propagation at the same pressure and temi^erature, and the 
pi’essuro in the jet, pgi never gets to bo less than the pressure 
corresponding to maximum discharge, however low the exttu’nal 
pr(\ssur(^ may b(‘, sincjc this is unable to transmit itself back along 
the i&suing jet and affect the discharge. 

Again, based on (20), we have the simple discharge' equation — 

=: 99-74(i}u)-V cub. ft. of “ free air ” per min. (21 ) 

( 22 ) 


and 

also 


w 


w 


2-7p 

for dry air 


2*7 


(p - 0-378p J for moist air (see Table III) . (23) 
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where h head ” across orifice in inches of water 

2? = pressure in pounds per square inch (absolute) 

= vapour pressure in pounds per square inch 
(as determined by the dew point) 

T — temperature Fahr. (absolute) 
w = weight ill pounds jier (mbie foot of free air, 

. at 14-7 lb. per sq. in. and 60° F. 

Furthc^r, for calculation of the discharge by th(^ shaped nozzle, 

Q — 32()(ilf})NwVl\ or, substituting (22), 

Q ~ 864(Q/9) cub. ft. of free air pe^r iniriub^ . (24) 


TAHJ.K III 

OF O-STHy)^, at Various TEMrioRATijjiES 

'J\*Mi|)erdturo of ' 


Dow Enlir. 

1 40° 

00° 70° 

S0° ! 

Jl!0° 140° 100° i 200° 

0-37S 

0-040 

■0001) -137 

101 

03S i 1-00 1-70 l-oor) 


Flow Conditions. The flow of a fluid through an oriJice de|jends 
on its viscosity, //, density, IT, and compressibility or adiabadie 
elasticity. If fi is the coeflicdcuit of viscosity io (!.Gr.iS. units, nie 

kincunatic viscosity is 

The values of the viscosity of dry air at various tenqieratureii in 
Table TV are multiplied by 10® to reduce the number of figun^s. 

Thus u -= 0-00001172 11-7 x 10 ®. 


TABLE IV 

VXlles of ViscosiTV, fi, FOR l)u\ Air 


O’uinueratuiv, Eahr. . 1 
^ 1 

' 10° 

1 

0 

o 

O 

S0° 

120° 

M0° 

24(r 

Visfosity, jU X 10® 

British Engineers’ Ihiil.s 

11-72 

12-00 1 12 27 

12-40 

13 10 

13-50 

15-3(i 


Supfiose that gaseous or liquid flow through an orilice dcipends 
only upon the viscosity the density p, the aveu age^ vc^loeity V at 
the orifice, and the diameter do, of thcj orifice, then the flow con- 
ditions are similar for the same valucis of Vd^plfi or Fdglf ///. This 
criterion of flow is known as the “ Reynolds’ criterion ” forwiscous 
flow. 
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i. 

If 4lGI7t(P is substituted for Vd^ the flow criterion becomes 
Old 2 fi, where G is the discharge in grammes per second. Mr. 
Hodgson* has shown the relation between ila and Gld^jn by plotting 
tia against V Gjd^, for values of the latter from 0 to 300 and 600, 
also with values of the ratio d.Jdi from 0421 to 0-843, and at 
pressures of 1 to 4 atmospheres, giving the deviations of the “ air 
curve ” and “ liquid curve from^-he limiting value Qa = 0-600. 
H e has shown by actual nn^asim^inent tliat when the value of 
y/GId^fi is greater than 200 C-G.8. units tiu- flow is turbulent, 
viscosity and compressibility effects are negligibly small, and the 
discharge through an orifice is proj)ortional to the square root of 
the differ(‘jie.e of pressure across it. Th(‘, values of VO usually 
employed in air, steam, and water metering lie. between 200 and 
3,000 e.G.S. units, well above the viscou.s stage, while the ratio 
V 2 IP 1 between 1-0 and 0-98. 

Usually, in the case of air, the kinematic viscosity, ju/W^ is so 
small, and the velocity so high, that corresponding velocities for 
similar orifices occur at the same value of the t^xpansion ratio 
rather than at tln^ same valu(\s of Reynolds’ criterion, Qld^jx ; and, 
lU'ovidcd that tlie value of this criterion is greabu- than 200,000 
British EngimMTs’ units, or \ is greater than 200 ().G.)S. 

units, then th(‘. viscosity (‘ffects are uegligibh^ When-eas, Avhen 
orifices or nozzles are ust-d for the inea,^ lire rn cut of such relatively 
A’iseuous fluids as water, the corj'esponding velocities would occur 
at thc^ identical value of Re 3 molds’ criU^rion. 

In the measurement of air flow iindt-r ordinary conditions, through 
an orifice or nozzle of smooth surface, tin* variations of th(‘. discharge 
cotfficient are unaffected by both idasticitj^ and viscosity. 

Example 9- Air is jne^asunMi at IJOlb. ])or sq. in. (abs.) and 10t)“ and 
lh(' drw point is h\ Kind the Mvighl of Uio an*. 

(tiven 

l.y {2;}), 

w 


Ex&mple 10. in a b*s( of an air comjn-ossor iisin^ a square odgod circular 
orifice, as Kig. 55, llio following results were obtained — - 

d, () in. ; 1 -3 in. ; ^ 1 16° F. - 576° F. (abs.) 

- 29-2 lb. per sq. in. (tibs.) 

h 14*5 lb. per sq. hi., and 14-5 :< 27*747 — 402-3 in. of 
Avater eolumn. 


60' F. and, from Table III, 0-37S/>^ 0 09()9, and 


0-1442 lb. per cub. ft. 


Ansiver. 


* Pror. lust. AIcch. K., No. 4 (ll):i5), ]>. 885 
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Calculate the air discharged, Q, using equation ( 21 ). 

= i-3:i. 


n- TVT 28‘27 

Given N = — - 7 =- — — 

^ \/(21-3)2-l 


By equation (22), 


w; = ~ 0-1 309 11). per cub. ft. 


d^/ch = 0-2167, aud 2hl2h -- 0-4960, 
whence, from Table I (p. 149), iia or '' C ” ----- 0-53 
Substituting theses values, we get 

Q =- 99-74 : : 0-53 < 1-33 \/iir2<\ x“l309 

521-75 cub. ft. per min. ^lji.s‘)cer. 


Agaiji, from Table IV, we have 


(Lift 


521-75 

i -3 X 0-0000132 


30,405,000 


which shows that we arc well above the viscous limit 200,000 
(p. 157). 

EXAMPLES V 

1 . A iJAotor is supplied with air at 4 atmo.splieres i;)r(‘ssLire and (>()° V. 'rlif' 

air IS expanded adiabaiically in the motor cylinder to atmoa]^here pressure, 
and then exiiausti'd at this in-essure. {a) AVhat is the tcanperature of the 
oxhausfc ? {()) Calculate the work done ])er pound of air, and the. mean 

effective pressure in the motor cylinder, (r) 11 ow many cubic fcottjier 
minute of llu‘ compressed air are ri'qiiired lo give 1 I.K.O., and wdiat is the 
corresponding volume ol “free air”? Take the speeilie lioat of air at 
constant pressure and constant volume, 0-1^4 and 0*1716, respectively. 

2. A single-acting, single-stage air compressor is belt-dn\'en from an electro- 

motor at 400 r.p.m. The cylinder diameter is G in. and stroke 7 in. I’lie 
air is compressed from 1.5 to 105 lb. jier sq. in. (abs.), and the law of eompres- 
sion — constant. P'ind the horse-i)ow'er of the motor, if transmission 

('fticiency is 97 jitu- cent and mechanical ofliciency of the compressor 90 p(?r 
cent. IST'glect clearance effects. {Aftsoc. Af.Imtt.C.E.) 


11. Air i.s drawn into a cylinder and eomjiressed adiabaiically to a pressure 
of 761b. above iLs original pressure (J5 lb. per sq. in.), and is tlien exjiellod at 
this pressure into a receiver ; its original temporaturo was 60° F. Jn the 
receiver the compressed air cools dowm to its original temperature, and, in 
order to maintain a uniform pressure in the receiver, an eq^sal weight of 
compressed air is constantly drawn off and expaiuled isotherrnally in a 
working cylinder down to 15 lb. jiressure. Crflculate : (a) the work spent 
per pound of air in the compressor ; {h) tlie work done per })omid of air in 
expanding ; (c) iho temperature of the air as it (‘iiti'rs tie* receiver. 

{(r.L., B.Sc, {Encf.) ) 

4. l^lstiniate the brake hor.se-powor n;quired to drive a single-f^age air 
compressor wOiich takes in 400 cub. ft. per min. at 16 lb. per sq. in. (ab.s.), 
compresses to 120 H). per sq. in., and delivers it into a receiver at the higher 
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pressure. The law of compression curve is = constant, and the mech- 

anical efficiency of the compressor 88 j)or cent. Neglect losses due to clearance, 
cooling, and leakage. 

5. An air compressor draws in 260 cub. ft. of air per min. at atinosj)heric 
pressure, compresses it adiabatically in one stage to 10 atmospheres, and 
delivers it to a receiver at this higher yiressure. Calculate (a) the air horse- 
power, {{)) the brake horse-power at tlii^ eoinjiressor shaft when the meclianical 
efficiency of tlie compressor is SO [ler cent. 'I'ake y ^ 1-4, and neglect all 
losses duo to eloaranee, cooling, etc. ** ^ 

0. A single-stage doubh'-aiiting air eonipressor of 40 I H.l\, at 120 r.p.m., 
takes in air at 15 lb. jier S(p in. a.nd (l(‘livers it at 120 lb. perscpiri. (abs. ) , tbo 
index of eompressioii curve is a. - 1-!15. I<’'iii(l the diameter of cylinder and 
length of st roke at the a^^(‘rage piston spiH'd of 600 ft. per min. Neglect- 
clearance. 

7. A two-stage (jompri'ssor, wit.ii pi'rfect mter-cooler, takes in air at atmo- 
spheric pressure and 17° C- , and, a-ft-er adiabat le eompressioii to 9 atnioaphores, 
delivers the air to a riMjeivc'r at tins pn^ssuri'. (Jaleulnte {a) the minimum 
work done, and {h) the heat given to the inter-eooku- per pound of air com- 
pressed. What would be (e) t he least work done anil heat given to the intor- 
eoolers in a three-stage coinjiressor working under the same conditions ? 
'Take Cp - 0 24 for a-ir. 

S. A two-stage air e.ouijiressor for a Diesel eiigiiu* is to deal with 200 cub. ft. 
of air per nun. under atniosplun-ic conditions at 250 r.p.ni,, and to deliver it 
at 1,000 11). per sq. in. Assuming complete inter-cooling, determine the 
indicated horse-powi'r and the cylinder diameters and stroke Allow a piston 
speed of 500 ft. ])er min , a.s.sujn(‘ pr^ •* - (■ during comprivssiori, and neglect 
clearance and wire-drawing losses. 'Take ntinosjiheric conditions as 14-7 lb. 
per sq. in., anil 15° (\ {(. '.L., B.Sc. {Eng.) ) 

9. A single-acting tuo-stuge air com^ires.sor conijiressing air for a Diesel 
engincvhas piston diameters 4 m. and 1-5 in., and a stroke in each cylinder of 
8 in. Air is drawn into the low pressure eylimler at atmospheric conditions 
of 14-7 lb. per sq. in. and 15° C , and is e.ooled in the intor-cooler to 15° C. 
From the liigli ]ire.ssure cylinder it is deliveied into a storage bottle having a 
pres.^ire of 600 11). j)er sq, in. Nogloeting clearance volumes, dotormino the 
pressure in the inter-eooler when the com})ressor is running steadily and the 
inter-coolor pre.ssure is steady, and tind the horse -power used in compressing 
air at 350 r.p.ni. 'I’ake indi'x of compression curves, n -- 1-35. 

(t jy.*SV. {Eng.), 1923.) 



CHAPTER VI 

MECHANICAL KEFRIQBRATION 


Refrigeration is the process taking heat from a body, or from 
the conteiits of a cold insulated chamber, and keeping that body 
at a low temperature by continuously extracting heat as fast as 
it leaks in from the surroundings. Mechanical refrigeration 
requires the expenditure of energy, commonly as work spent in 
driving the machine which acts like a heat pump, on a reversed 
heat engine cycle, and transfers the heat to a body at a higher 
temperature, 

The coefficient of 'i)erformancc of a refrigerating machine is 
measured by the; ratio , 

Heat extracted 
\\^)rk spent 

both quantities b(‘iiig I’cckonc^d in the saim^ units of heat or work. 

It has been shown (p. 97) that tlie ideal heat engine works on 
a reversible cycle, and may take in lu^at from a cold body at 
the low temperature (abs.), and reject h(‘at at the higher 
temperature Ti (abs.). L(‘t W be thi^ tlu^rmal equivalent of the 
work required to drive) this refrigerating machine. Since fthe 
machine works on a revcTsible (‘vcle, by the cons(‘rvation of eiuTgy, 

I \r, or IF 


Also, by the sc'cond law of thermodynamics, wv have 


02 

T, 



(h-Qi 


T 


2 


1\ - T 


2 


Hence the coefficient of performance of this ideal reversible 
refrigerating machine is 


<?2 

w 


T2 

2\-t: 


and Qi - W X 


Ry this relation it is clear that, for a given quantity of heat 
to be taken from a cold body, the expenditure of work, W, is 
proportional to the difftTcmce of temperature through which the 
heat is raised, or the machine works. In other worefe, the smaller 
the range of temperature the less work* will be required to cool a 
body by extracting a given amount of heat ; or, for a given amount 
of work W spent, ilie heai Q^, extracted luill be greater the smaller the 
range of temperature, 2\ - T^- 

Consider a machine working on the ideal Carnot cycle foversed. 
Starting at the point 1) or d (Eigs. 00 and 61), the cycle is in a 


100 
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counter-clockwise direction abed. The engine takes in a quantity 
of heat Q^i represented by the area damn, during isothermal expan- 
sion da, at the lower temperature ; that is, the gain of entropy 
from the cold body is ^2/^2 " ^2 ~ I'cpresented by the line da 
or nm. During adiabatic conij)ression ab there is no transfer of 
heat, and the temperature of the working fluid is raised from 
7^2 Then, during isothermal^ com pression be at the higher 

temperature Ti, a larger quantity of heat, Q^, represented by the 
area bcnin, is rejected to the hot body, so that the entropy given 


to tlie warmer body is ^ ^ 

J 1 


represented by the line be. 



tntropy. 


Fm. (»0 


V\u. 61 


( ' \ K N ( >T C ’ C L !■: Ti K V FJ IS F T ) 


Duryig adiabatic (iX])aTision cd, the fluid doi‘S work and droy^s in 
temxjeratui’e from 7 ^ to 

The work required to drive this refrigiTatiiig luacliine Ls repre- 
s(‘nted by the area ABOf) or abed, equivak'iit to Qi-Q^, which is 
converted ijito h(‘at in tlu^ inacdiinc. 

In fact, the n^ve-rsed ])erfect engine acts like a heat pumy) taking 
heat Q2 from a cold body at and dc^livering mon^ h('at Qi at 
a higher temperaturti Ti, whilst the eiitroyiy (,^2/^2 taken from the 
cold body is equal in amount t-o the entroj)y Qill\ given to the 
warmer body. 

The eoefficient of i)e.rformance is 
Q2 Aw^ndamii 

Qi - Q'l Aj-('a })cnm - arm danm 

(I, 7 ;., 

If ■ 7', (9^2 ~ ->.) ■ T, - T'i 

No refiigej’ating machin(\ working htdaveen the same limits of 
temperature, (ian have a liighiir coefficient of performance than the 
reversible one. If a rcdrigcu’ating machine B could be conceived to 
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A 

have a greater coefficient of performance than the reversible machine 
A^ then the ratio of would be greater in B than in A. Let 

the reversible machine (A)^ acting as a heat engine, be coupled to 
and drive the more than perfect refrigerating machine (B) that 
would extract more heat from the cold body than A gives it, while 
B driven by A would also rojt^ct more heat to the hot body than 
A takes from it. Thus heat would bc^ continuously taken from the 
cold bodj" to the hotter bodyTl^y means of this self-acting machine, 
which would be contrary to thci second law of thermodynamics ; 
or the axiom that it is irnpossibk^ for a self-acting machine, unaided 
by any external cagency, to convey heat from a cold body to one 
at a higher temperature. 

Hence all ideal reversil)le refrig(n*ating machin(\s, working betwtnm 
the same limits of temperature^ have the same coefficient of 
[)crformanc(\ 

No refrigerating machim^ used in practice works on this revc'rsed 
Carnot cych'.. 

Highest Efficiency for Refrigeration. Tlu^ ideal grt^atesi jatio of 
heat extracted from a (’.old body at T.y, to Iht^ heat Q sii])pli(^d 
at the high temperature for a given temj)(^ratiir(‘. of tlu^ 
condensing water to which thc^ lu^at is rejecttjd, is obtaiiuid by th(^ 
combmati(jn oi a perfect n^versible luait (‘iigiiu’ driving a [)(‘rf(ict 
reversible heat pump. 

The perfect lu'at engiiK'- takers in hc^at Q at T, and r('j(H:ts lieat 

Q i 

at 1\, the temperatur(‘. (jf the condensta*, hence IT 

The jicrfect hc^at pump extracts heat from tla^ (;old botly at 
the low temperature To, also delivtTS lu'at at Tt, and, sincci it is 

reversible, ^ (7\ - vvhere W is tlu^ lusit (‘([iii valent of the 
1 1 

work given by the h(^at engine, ajid uscal in dri\ iug lh(‘, lieat pump. 

Henco = 

troni which ^ T{T — 7\) 

No other combination could extract mur(^ lieat than Q 2 
temperature by means of the same amount of high -temperature 
heat Q If any other machim^ could (‘Xtra,ct tuot'i^ h(*at than Q^j 
by the oxpemditun* of tlu* same* amouiihof lu'at Q at the high tem- 
perature, th(ui with the above (uunbination W(»ikiiig n^versed, and 
the otluw refrigerating machine vvorking direct, the ri^sidt would be 
a transfer of h(‘al from th(‘ c.old body at to a body at a higher 
temperature I\ without th(^ exxaaiditun^ of (energy, by a stilf-acting 
agency, which is impossible by the second law' of tluaniodynamics. 
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Cold Air Machine. Joule’s air engine reversed was developed as 
a refrigertiting machine by Bell, Coleman, and Lightfoot, and was 
one of the earliest iimd for mechanical refrigeration on board ship 
and cold storage. 

The diagram of the essential parts of th(^ plant, Fig. 62, and the 
ideal indicator diagram, Fig. 68, may serve to explain the action 
of this air machine.* Air from tho^(;old chamber R at 18° F. or 
32° F. is compressed in a cylinder A, with water-jacket/ to about 
65 lb. per sq. in. (abs.), and 270° ¥. or 290° F. The air is passed 
at this constant pressure through tubes in a cooker C\ and hc^at is 
extracted by circulating water. This cold air at high pressure is 
lurlker cooled by expansion in cylinder B, and delivered at about 


Cold Chamber R 


Suction Valve. 


^ 1 ^ 
Delivery / 
Valve , 



Delivery 
Valve . 


B 


Suction 

Valve. 


Cooler C 


Fig. 02. CoLn Aik Maghinic 
(Uia^raiii of Kanential Part.s) 



Fig. 03. Cycle or 
ejoLD Air Machine 


— 80° F. and initial yiressiire to the cold chamber. During expansion 
tbe §,ir does work which helps to drive the machine. 

In this type of machine the air coming from the cold chamber 
carries moisture which was deposited as snow in the expansion 
cylinder and tended to choke up the valves and passages. This 
difficulty was met in two ways— 

1. T.ightfoot carried out the expansion in two stages. In the 
first the air was expanded to about 35° F., when the greater part of 
the water vapour was di^positi^d as liquid water and drained away, 
and the expansion of the dried air was completed in the second 
cylinder. 

2. The other d(‘vice, in Coleman’s machine, is to pass the moist 
air from the cooler before expansion, through ‘‘ drying pipes,” 
Itept cold by the circulation of air from the cold chamber, which 
reduces the temperature tq near the freezing point, and any moisture 
it may contain is condensed. 

The ideal cycle is that of Joule’s air engine reversed (p. Ill), as 
in Fig. 63. In the compression cylinder, A , Fig. 62, during the suction 

* For fho coils! rnc* 1.1 on and performance of llirse inaclnnca, see Liglitfoot, 
Proc. JnsL Mtch. E)UJ. (188J), p. 10r>, and ]8S(>, p. 2(11 ; also Coleman, Min. 
Proc. In.'it. C.K., Vol. LWril (18S2), p. 14(». 
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stroke /c, air, from the cold chamber R, is drawn into the cylinder 
A, and compressed adiabatically cb. When the valve F opens, the 
pump delivers the air into the cooler O, completing its stroke from 
h to c, and the temperature falls, whilst the air gives up heat at 
constant pressure to the circulating water. Then an equal quantity 
of air, from C, is taken into tlu^ expansion cylinder B at temperature 
T a and expands adiabaticallyiy doing work on the piston shown by 
area under m and ad. During the return stroke df, in 5, the chilled 
air is discharged into the cold chamber at the initial pressure. 

During the cycle, the work done on the air in the compressor 
cylinder A is represented by the arcia febe, and the work done by 
the air in the expansion cylinder B is given by the area eadf, hence^ 
the net w^ork in driving the machine is given by the area abed. 
The net amount of hcsat extracted from the cold chamber ])i 5 r 
pound of air is 


Q,= C,(7\-T,)- 

and the heat rejt^cted to the cooling water per pound of air is 

where and denote the absolute temperature of the 

working air at the points a, 6, c, d of th(' diagram, Fig. (>3. 

The net amount of work spent in driving the niacliine is Qi - ; 

Q. 

and th(^ coefficient of performance is I 

Also, since the ratio of ex])ansion in B is the same as the ratio of 
compression in A. and both are adiabatic, 


T T T — T 

‘ a £ 6 _ ^ ^ a 

Ta “ T; 

cocffichmt of performance 


C,{T,-T,) 1\-T, _ 

77 77 77 ■ 

J & I ^ h- * c 

T 

c 


This coefficient of performance is less than that of a reversed 

T 

(5arnot cycle between the limits and.T^, namely, since 

is greater than T All the heat is not taken in at and 
rejected at T ^ ; besides, the transfer of heat from the compressed 
air at to the circulating water at T ^ is not reversible. 

In practice, the compression of the air in A is not adiabatic, 
because the water-jacket on the cylindt^r reduces the temperature. 
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so that the slope of the compression curve is not so steep as the 
adiabatic, and the work spent in compression is reduced. 

The actual coefficient of performance obtained with this machine 
varies from 0-5 to 0-7, and is very much lower than that of a vapour 
compression machine owing to (1) the necessity of working with a 
wide range of temperature, since air is a poor conductor and absorber 
of heat ; (2) air has a small capacity for heat and all machines using 
air as the working substance must be bulky, and consequently the 
loss of heat by friction is large. Not only is power lost in friction, 
but the working air takes up most of the heat so generated, and 
has less capacity left for taking up heat in useful refrigeration. 

Example 1. In a Bell-Coleman refrigerating plant air ia drawn into the 
cylinder of the comprcaaor at atmospheric pressure of 151b. per sq. in. and 
temperature - 5° C., and it is compresat^d adiabatically to 751b. per sq. in., 
at which pressure it is cooled to 15° C. It is then expanded in an expansion 
cylinder to atmospheric pressure and discharged into the refrigerating chamber. 
If the law foil' expansion is pw* ^ = a constant, find the work done on the 
air per pound, and the coefficient of performance of the refrigerating plant. 
Specific heat of air at constant pressure is 0-2I1S. {ILL., B.Sc. 1924.) 


On the indicator diagram, Fig. 03 (p. 103), wo liavo 
T, - S'’ -I 273 -= 268" C. (abs.) 

, 1 Ij 2 

5 /. Tfe - 208 X S ' - 42445" C.(abs.) 


and 


Also 


T„ - 15" + 273 ^ 288" G. (abs.) 

T„ /75\L“.J i 
n -(15) 1-3077 




l-3()77’ 


9QQ 

,W7 '2-20.24-0, (»!»,) 


Now th(^ hoai rojociod ])or pound of air at tlio higher constant 
pressure is 

g, - C^(T^ - T J = 0-238(424 45 - 288) - 32-475 C.H.IT. 
and the heat extracted per pound of air from th(^ cold chamber 

g., - -23S(T, - To) --- '238(208 ~ 220-24) - 11-367 C.H.U. 
Work done per pound of air 

- Q1-Q2 -- 32-475- 11-367 - 21-108 C.H.U. 

or 21 -108 X 1400 29,550 ft.-lb. Answer. 


The coefficient of performance is 


Qi 


“ Q2 


11-367 

irr-Tos 


— 0-54 (nearly). 


Answer. 
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Reversed Heat Engine as a Warming Machine.* Lord Kelvin, 
in 1852, mado the suggcsstion that tho reversed lieat engine cycle 
might be used to k(^ep a room warm. A machine of the Bell- 
Coleman tyj)e miglit lake in air from ih(^ atmosphere at a low 
temperai lire, expand it t-o a Iowim' t(Mnp(‘ratur(‘. and pressure, and 
allow the temperature to rise again by conduction from the external 
air, after which it would be i.omprossed to atmospheric pressure, 
and its temperature thereby raised abovi^ that of its surroundings. 
The heated air might then be discharged into the room to be 
warmed. In this way a reversed heat engine jiiight take heat (J 2 
from the atmosphen^ at a low temperature T 2 , and b}^ means of 
expenditure of work W for expansion and compn^ssion, deliver to 
the room heat Qi at a slightly higlu^r temperature If the 

machine wt^re reversible, 


62 


T .^ ‘‘"<1 ^7 


Q. - Qi 


Tr 

'J\ - T., 


■■■ 

For examplti, an oil (uigim^ using Russoleiie of calorific value 
20,000 B.Th.U. per lb., consumes 0-5 Jb. per brake horse-power 
hour. Suppose this engine driv(\s a reversed luiat (uigine Avhich 
takes in air at 50° F. and delivers it at 00° F., how much heat is 
given to the air per brake horse-power hour if the reversed teat 
engine works at 80 per cent of the ideal performance 

Here IT = 1 B II.P. hour = 2545 B.Th.U., and 7\ - 00° 1 400° 

520 SO * 

Avehave Qx -= 2545 x 7 * - X -x- 105,872 B.Th.U. 
bO - oO 100 


If the 0-5 lb. of oil w(n’e burni^d directly to warm the air, only 
10,000 B.Th.U. would be available, but at a high temperature, 
which is not taken advantage of in thc^ ordinary methods of heating 
Whereas by the largi^ temperatun^ drop in the oil engine, combined 
with the small range of temperature in the reversed heat engine, 
more than ten times as mueh heat is given to the air by means of 
this Warming Machine. The oil engine has a brake thermal effi- 


ciency of 7 ^ — 
^ 0-5 


2545 
X '20, 000 


0-2545, or 25-45 per cent. Here, heat 


energy is not created, but tht^ work (jqui valent to 2545 B.Th.U. 
from the oil engine is changed into heat, and the extra heat, 
105,872 - 2545 B.Th.U., or 103,327 B.Th.U., is raised through a 
small range of temperature. If this range wire increased, say from 

40° to 60° F., ihen the heat given to tli<‘. air would be 52,936 B.Th.U. 

% 


* ColleHcd Papers, Vr)l. 1, (> ill.^ : r 
Vol. JIT, ]). 


»r rroc. of the Sor. of Glax(jou\ 
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A Vapour Compression Refrigerating Machine consLsts of four 
(essential parts, shown in ih(‘ diagram, Fig. 64. 

1 . A compressor, into which vapour is drawn through tho suction 
valve A, from the evaporator at a low tomx)eratiire To, compressed 

1200 fbs. 



Kicj. 04. (/Aihion:' Aeiu Rkkrloi': hating Maoiiink ( ffaslnrn ) 


to the higher prossiin^. and temperature Tj, and discharged through 
tlu^ delivery valve B, as shown by tlu' indicator diagram, Fig. 65. 

R separator (;olIects oil, etc., in the vapour from the (^om])ress()r. 

2. A condenser, or (cooler, consisting of coils of pipe in which the 


- X 

1200 lb&. 

'V 

Indicator 


247 lbs. 



Diacran 


Fk;. go 


compressed vapour is cooled and (‘ondensed at and gives up its 
heat to circulating watiu*. 

3. Th(‘ expansion cylinder, replaced in practice by an adjustable 
throttle valve C, called a regulator or expansion valve, through which 
the liquid expands from Tj to at the lower pressure. 

4. An evaporator, or refrigerator, consisting of pipes in which the 
liquid evaporates at the lower temperature and takes up heat from 
cold byno, which is circulated round the pipes and conveys heat 
to the worlcing fluid from a cold chamber or from water to be 
frozen. 

12~(54:t4) 
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In practice, the expansion cylinder is replaced by the expansion 
valv(i C, whirl] siniplifics the machine but reduces the refrigeratinir 
effect in thc‘ evap(U{itor, because a portion of the liquid vaporizes by 
free expansion in th roil ling, the heal re((uii*ed being taken from the 
fluid itself ; not^ only is there less liquid li'ft to evaporate usefully, 
and absorl) heat from the cold body, but tlu^ AAork done in 
expansion js lost. On tln^ oUiVt Jiaiid, \cvy little work could be 
recovered by adiabatic (expansion of the*- liquid, and this would be 
reduced by mechanical loss in the expansion cylinder, besides the 
necessity of adjustnauit of the (‘X[)ansion for, varying temperature 
conditions in actual practice'. 

The loss is negligibly small in tile ammonia machine, which is 
mostly used on land with cold valer circulation, but this loss is 



Pjc. go Vhk-Coolku T()J{ Lt(,n id (’(), [I laMam) * 

mucli grt'ater in the macliinc, as tlu* availabk^ circulating 

water for cooling in the coiuk'nser rise's in tc'inpi'rature near the 
critical point. 

Messrs. Haslam hav<‘ found that, on board ship, undcT tropical 
conditions, with brine bi'low 0° K. and circulating sea water at 
92° F. for C(K)ling pur])oses, about half of the liquid CO 2 cvaj)orates 
as it passes through the expansion valvar from the liigh to low 
pn'ssure, and the refrigi'rating effect is reduced to about 50 per 
cent of its value at 15° C. In o7'd(^r to obviate the loss of output, 
a pre-cooler, Fig. 00, is used between tlu^ condenser and evaj:)orator. 
The liquid fro7n the condensiu’ is i)ass(^d througli valve D into the 
pre-cooler at a lower pressure. Hence «a ])ortion of the liquid 
evaporates, cooling the rest of the liquid which collects at the 
bottom of the receiver, and passes on through valve E to the 
evaporator. The vajjour coll(‘cts at the top of the pre-cooler and 
passes through pipe F dii’ect to the compressor cylinder, wh*jre the 
piston uncovers ])orts at the (‘lul of the suction stroke and admits 
the high pressure va]iour. 
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This super-diarge greatly increases the pressure of the charge 
drawn from the evaporator and already in the cylinder, before the 
compression stroke bt^gins. The result is iriore^ased refrigerating 
effect and eftic iency of the machine. The pv diagram, Fig. 07, 
compared ^^ith tliat of Fig. 65, indicates the increase of work 


i I ' Gas admitted 

\T200lbs. „ Ports. 

\ ' 247 lbs. '^1 .. 

. 

>L ^ 

iNQiCA'iOP Diagram 

FkJ. r>7. JxOTr 'ATOK r)TAGTt.\M WITIT VlOLKR 

required to drive the compressor. The results of careful tests show 
a marked inc'reasi^ of refrigerating effcict per unit of work done. 
There is a'largtu* proportion of liquid in the fluid entcu-ing the 
evaporating coils from the ])r(^-(;ooler, and th(j coil surface is more 
efficient in absorbing lu'ut from the brine. 

The actual cycle efl the refrigerating machine is lik(‘ a reversed 
Rankine cycU^ with oni‘ important difference, namely, that of 
throttling through th(^ (‘xpansioii valve, which is non-rtiversible. 

The liquid is comjflc^toly (evaporated in the refrigerator at tem- 
])erature T^- In the tempe^rature-entropy diagram, Fig. 68, P is 



Fi(^. (JS. COo CoivirRx^ssioK Fi«. 69. Ammonia 

CvcT.u CtmrKKSsiON Tycuu 

the critical point of carbonic acid, and Pch the dry saturation line. 
Suppose adiabatic compression ah begins at a, when the dryness 
fraction is gajgh, and the wetness of the stuff is measured by the 
ratio ahjgh. The vapour is compressed to 6, slightly above the 
saturation pressure. The dry vapour is thus superheated to a 
temperature highc'r than ^ that of the condenser. Then follows 
cooling, at this higher constant pre.ssiire, in three stages : 6c, the 
superheated vapour is cooled to the temperature of dr}^ saturated 
vapour at c when condtmsation begins ; during cd the vapour is 
completely condensed at constant temperature ; and in the third 
or under-cooling stage (7c, the condensed liquid is cooled as low as 
possible. It is to be noticed that in Fig. 69, de, the under-cooling 
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of the condensed liquid ammonia is practically along the wet 
boundary line, wh(T(^as Avith COg th(‘ coolifig curve de is quite 
distinct from the boundarv line d{j. 

Next, the line ef shows unresisted expansion through the regu- 
lating valve ; tliai is, throttling at constant total heat (p. 43) to 
the lower constant 2 )Tessure and tomp(‘ratur(^ of the evaporator. 

The fraction converted into vapour by passing through the expan- 
sion valve is gjjgh. During Ja, we have evaporation of the liquid 
in the refrigerator coils vlieii In^at is extracted from the brine or 
other body to be cooled. 

^ Tln‘ refrigerating effeetj that is, the amount of heat extracted 

from the cold body is r(‘i)resented 
by the area famr, unde:!’ fa, down to 
absolute zero, Mg. 70. 

The total amount of heat rejected 
at the higher constant pressure 
during condensation and cooling, 
Qij given by the area mheden, 
und(*,r be, cd, and de. The indicjaU^d 
work done in driving the compressor, 
drawing in tlu^ charge at the lower 
pressure} of evaporation, comju’essing 
it to the highia' ])ressiire, and dis- 
charging it to the condenser at^his 
liigher ] 3 ressur(v, Avh(}n ('-xpressed in 
thermal units, is the difference 



Entropy ^ 


Fjfi. 70 . Atmmumia C'()]NTriiE.ssiON 

(h’CEE 


Q.-Qv 

Any interehang(} of heat Avith the cylinder Avails is neglected, as 
the compression is supposed to be*, adiabatic ; but, owing to the 
non -reversible throttling ef, the work s])ent is greater than the area 
abedefa by the ar(}a nefr. The us(} of the regulating or expansion 
valve always involves loss of heat, by the liquid refrigerant, equal 
to its specific heat multiplied by the difference in temperature of 
the condenst}r and evaporator, and represent(}d by the area under ef, 
Fig. 71. The smaller the ratio of the s])ecific heat of tht} liquid to 

the latent heat of the vapour, the less will be the loss in proportion 


to the refrigerating effect. 

Such loss, due to the heat carried over by the liquid in passing 
through the expansion A^alve, is practicj\lly negligible for NH 3 and 
SOg, but it cannot be neglected in the case of CO 2 , which has the 
ratio of the specific heat of its liquid to the latent heat of the 
vapour much larger than that of the other refrigerants. 

Let Vi = the volume of liquid passing through the throttle valve 
to the refrigerator, then the heat equivalent of the work which the 
liquid does in forcing a part through the throttle valve is thiPi -P 2 ) 
where is the higher and P 2 the lower pressure. 



MECHANICAL REFRIGERATION 


171 


Now consider the performance of the vapour compression refrig- 
erating machine with expansion valve, in the three cases in practice 
represented by the temperature-entropy diagram. Fig. 71, when 
the vapour, at the end of adiabatic compression is (1) just dry and 
saturated at the state point h ; (2) at h the vai)our is still wet ; and 
(3) the dry saturated vapour after complete evaporation at g is 
superheated by compression gv to the temperature 

(1) Assume neither gain nor loss of heat in passing Uhrough the 
expansion valve. The heat in 1 lb. of the working fluid wdll be the 
same before and after throttling. -j- 

The lieat bcforci expansion is Vt 

represented by the area cejni, ^ I 

and that aftiT exi)ansion by the ^ / 

area efrp. Heiict^ these areas are- vg q h V. 

asHum(*d to be equal, and the jT " ; ^ 

('ITeetive i ffrigeration per j)ound ^ / | I 

during cn^aporation Ja is tlie heat ^ i j \ 

extracted, as represented by the ^ j \ 

area /awr. Take s the specific e/ \f 1 

heat of the liquid. ^ ^ 

Now the area cejm — area efr2> / ' 

^ / 1 


ef - 


cfa = >s logt> 


p nr 

Entropy. 


im s 


Fie. n. Vatouk CojviriiKSSioN 
Cyi Lli 


m -cj .s . loge rfr d" Tjr - ^ 

^2 ‘ 1 


and heat c^xtraetc^d 


T - T 

m 

2 


7', X Ja - . 1\ . loge ^ -h 7^2 X - 1\) (I ) 

W ork done — area abem — area peebm - area mvqi 

™ area pe^cn j- area cbnm - arcni ednp - artui daimi 


.s-(7\~ r.,) -I- T, 


7*1 . Ing,: ^ 


(7'i — 1'J) ~ 7'2 . s Itigt 


( 2 ) 
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Coef3Scient of performance = 


Heat extracted 
Work done 


(s . log - T ) 

/-- XT r • • • (3) 

(2) Wluui the vapour is wet at the end of compression. Let the 
compression b(‘gin at the states, point k when the dryness fraction 
is ekleg ; and end at h with dryness chjcb -- .Tj^, and the latent 
heat — a'jLi per Ih. of stufiE. 

We have, In^at extracted 


-- iirvii fklr 


+ ^2- 


Also, work (ioiK^ 


cchke - (1\ - 1\) .s 




7'o . >s‘ loix, 


. c Lxpressioii (4) 

. . coelfieient ui iK'rtormaiice = .p^-- --- 

Lxpressioii (5) 

3. When tlu' compressor draws in dry saturated A apoiii* fron#the 
refrigerator. The “ dry ’’ compression begins, at the state point g 
on the saturation line, Fig. 71, and ends at temperature Tg, on 
the superheat curve of constant pressure dravn from b at saturation 
temperature Ty^. t 

Heat extracU'd area/(/.'?r, here eg --- and ef - s - ^ — ; 

/ O #9 


at / r L2 (^^“^ 2 ) 

Now fg -- eg . 

and heal extracted 

Jg .. r,=-L,-.(7\-T,J . 

Work done. - area ccbvge ” area ecd |- area dcbvg 

- .sf/\ - T,) -T,.s log, ^ ^ (7', 7’ 


(7'i - l\)[s^jA i C,.{T,-1\) 


T-i ( 6' log, -^ + C, . logc^-^ 


(7) 
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CoelRciont of porformancc = 

IliXpresBion (7) 

To calculate Tg, in superlu^ating from b to v, at constant pressure, 
the gain of entropy, 


T 

mj = logt 


b-.Ao^Zi-b. 


But ng = f,j-ca = ~- « . log^ A _ \ . 

^2 ^ 2 M 

I^]ijnate thc^se valutas of (uj^ \\v liavo 

^ V ■ rji rji rJ^ iji ‘ (^) 

from which 7’^ may b(‘ calculated. 

• 

Example 2. Tn an ainmonia rrlrip‘ra(iii|ti itiacbnif' Um* 1(Mn|)f'ra1 um in tlio 
rrfri^oratnr is F,, and a.f(<‘r comprcssinn 1)0° In Ilia co()l(‘r ilia vapour 
is ('ondc'ns(’d al. 1)0° F., and I-Ikmi pa.ss<‘s ilirouf/li an (^,\])ansinn valve. C'aleulate 
iho c.oeflicienl) (»t pcrfonnaiic**; when i.lic va|Kmi' at llu* end of adiabatic coin- 
jircssion is (r/) just dry and saturat.cd ; {h) 85 per ciMit dry ; (r) just dry and 
saturated wlicu coinprossinii begins. '^Pakc tlio spccjflo heal of liquid airirnonia 
as I- 1, and of tlic vapour (’;> 0 508, and the lahnil lu'aL of evaporation as 

5()(i - 0 S/° F. 

CiviMi Lj„« - r)(i6 - 0-8 ^ <K) = 494 B.Th.U, per lb., 

'l\ = 90" H- 4()0" -- 550“ r. (abs.), and 7’^ 475“ K. (abs.) 

(a) By 0 (|uaiU)ii (1) (p. 171). heat extraek'd 

• .s- . T, . leg, 'jA .p r, X ^ - s(T, - 7',) 

. Id X 475 X 2 :}03 log,,^^ 1- - 1 1(90-15) 

-- 70 05 -I 420 0 -82-5 =- 420-75 B.Th.U. 

By I'ljuatioii (2), work done (7'i - 7'.J ^.s' | - 7', . ,s' logi 

75(ld d- 0-H98)- M X 475 x 2 :}0:nog,„ 


75 X 1-998 - 70-05 --= 73-2 B.Th.U. 
coeHicient of p(Tformanco — 

(h) Hy ofjuation (4), heat (extracted 

. . . 1\ . log, '!a -I T, . - s('/\ - T,) 


An.iwf'.r. 


70-05 I 0-85 X 420-0-82-5 350-76 B.Th.U. 
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And by equation (6), 

Work done = - T^) - 1\ . s log^ 

= 75(1 1 + -85 X 0-89818) -76-65 = 63.1 B.Th.lT. 

co('fiici^‘jit t)f pcTformaiioo «- ~ Answer. 

. (c) Again, wh(‘n tin* dry sa.iurate’id vapour at ^ is compressed 
adiabatically to tlie stale ])()int v, and siiperheatc^d to 7^^, to find this 
temperature, ^vv. have — 566 - 0-8 X 15 554 B. Th.lJ. ])er lb. 

T' Tv 1 j 

and, by equation (8), 6',, . logt logt - >,7. 


7’ 

M ^2 


7 ' ’ 

2 ‘ I 

556 494 


7’ 554 

that is. 0-508 ;< 2-303 log - I -1 < 2-303 log 

1-17 log JX - 1-1663-0-1613-0-8982 - 01069 
o50 

and log 7^3 - log 550 “ 0 '0011)7 

from which 7 3 — 678-8® V\ (abs.). 

Then, by (-(piation (6), heat extracted 

=- 554- M (00- 15) - 471-5 B.Th V. per lb. 
and, by ecpjation (7), work done 

= (7'i - '/\) + ('„(T, - Pi) - loge It + 0„ . logrfr) 

( 494\ 

M + j + 0-508 X 128-5 - 475 (...) 

/ 550 678-8\ 

h -1 x2-.3031og^y.H -508 X 2 -30:3 log 

-- 75 X 1-00812 + 0-508 x 128-5-475(0-1613 | 0-1060) 
140-859 h 65-278- 127-30 -- 87-74 B.Th.U. 


471-5 


coefhcicuit of performance - - 5-3’ 

^ 8/-/4 


Ansywr. 


Example 3, 'riit*. following an- apiiroximaic oxproHsioiis for tlio onliojiN' 
of aTnmonia licjiiid and dry saturated vapour; liquid, ()-00184 (i - 32) ; 
vapour, 1 loS - 0-()()192 (i5 - 32), t iieiufr the toTiqiorature on the Fa^ronhoit 
scale. Obtain eorresponding exy mission s of tln^ form a -|- being the 

teinpeniture on the ('entigrade scale. Draw the 0, (f) eliart between tem- 
peratures 1+ F. and 77° F. (-10°r. and 25° (^.). b’iiul the coefficient of 
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porformanco of a rofrigerator working on a reversed Bankine cycle between 
lljpao limits, tlio vapour being 6 por cent wet at the end of compression, 
if the actual performance is ()'6 of the amount in the above ideal case, calculate 
the pounds of ico produced jior horse-power from water at the freezing point. 
Latent heat of ice, 1 44 B.Tli.U. (80 C. H.U. ). 

(V.L., B.Sc. (Ewj .) ) 

At IT E. ( luiuid <f> -- 0-0()184(X7 - 32) = 0 0828 

or 25° C. ( vapour == I •1.58 - 0 00192 X 45 — 107l*6 

At 14° [ Ii(piid ([> ^ O-OOl 84(14° - 32°) = -0 03312 

or-10°t!. - vapour ([> — 11 58 -0-00192 X (-18) 

-- 1-158 t 0-034.5t) -= 1-1925() 


0-0828 



On (■ scale, liqind —0-03312 = — 105 
1 0-08280 = 2.56 

0-04968 =- 156 


6 = 0-00312 
and (f, ^ 0-003l2<„ 
Answer. 


rapoKr 1 -07160 = « |- 256 

1-192.56 (t - 106 I, _ 0-003456 


-0-12096 356 

a = 1-19256 - 0-034.56 1 -158 

<f> I -1.58-0-0034.56<,° An/nver. 

Plol.tiug the aliovi- t'ahu's on 0(f> chart, as shown in Pig. 72, 
Dryness fraetlon bc. jch - 95 per cent. 

• 6c -- 0-95(l-t)716 - 1)-0828) -- 0-95 X 0-9888 == 0-93936 
cd --= 0-0828 -1 0-03312 -- 0-11592 
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Teinyoraturc range 35° G, and area ect? = djrn, 

/« -- O i)3i)3fi - U OU771 -- 0 (»3l(j5 
Fiefrigeiyition imr itound ^ ft-931(j5 X 2(i3 ~ 245 024 C.H.U. 
Work (lone J7 r) \ 0 11502 |- 0 03030 X 35 

-- 2-0280 -I- 32-8770 --= 34-000 G.H.U. 

245-024 

eoeiludent of i)erfoi-iuai)('e - 7-02 

34-000 

Actual coellicienl -- 7-02 ((-0 = 4-212 



H(uic(‘, ice ])i-o(lu(-e(l ])er horse-pcnver hcjur 


33,000 X 60 4-212 

1400 ^ 80 


74-40 lb. 


A nswer* 


Example 4. In an aininoniti rofrij^oratin^ nnuiUinc‘, Iho UMiviirrainn' nf 
f'vaporatioii of tlie lu^nid is 15° h\ I'lio vapour is comprossod and c'vontiially 
dolivorod to tlio coolor at a toniporaturo (►f 1)5" F., tlio dryness at tlio end of 
roinpression beiiij^ 01)5. In tlio o.oolor llio vapour is condeiisod at 1)5^ F., 
and then ooolod to 70° F. ; after winch the iKpiid is passed tliroiiph a throttling 
valve into the evaporating coils, rahailat-e for this machine tlio ratio of tla^ 
heat abstracted to the work done if the specific, heat of the liquid is 11, and 
the latent heat of the vapour is given by 5<)(> - U S/, where t is flie temperature 
of the vapour in degrees Fahrenheit. (U.L., Ji.Sc. (Enif.).) 

• 

At 95° F., L -= 566 - O S x 95 - 566 ~ 76 - 490 B.Th.U. 

Fig. 73 shows the- (‘yc*l(‘,, abedfa, on the. tiunporature entro];>y 
diagram or chart. , 

490 be 

be — 0*95 X “ 0*84, since the dryness fraction is-r = 0*95. 

OOO Cti 
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The total hi'at is constant during throttling, from d to f. 

\ area area pefr cf x 475 I 1 (70 - 15)=- ()0-5 B.TIi.U. 


cf = 


00-5 

475 


01274 


555 

Also el-^ M > 2-303 X log-,," - 0-1712 

4?5 ^ 

fa - ca -cf - . hr, d-pf-r. 0-K4 |- O-l 71 2 - 0-1274 -= 0-8838 

FTi^at extraet(Ml pc'i- pound of NII^, represented by the area 
fanir, domi to absolute zero 

-- 0-884 X 475 --- 410-8 H.Th.U. per lb. ]>er eyele. 

Work iloiu-, r(^pr(‘S(‘iitiul by tlu^ ar(‘.a ahede --- area cd [- area ahcl 
-(l-l : 80 -0-1712 < 475) | 0-84(95" - 15") 

• - - 88 - 81 -32 1 b7-2 73-88 Il.Th.fT 


(’oeflieii-nl/ of ])(M4'oi nianc‘(^ 


Heat al)sti'ru t(‘(l 
Work done 
5-08. 


410-8 

73-88 

AnJ^iver. 


Refrigerating Effect and Work Done in Terms of Total Heat. 

During a reversible opcu’atiou at consUmt pressure, lik(^ evaporation 
or condensation, the heat taken in or given out by a fluid is the 
change of ii,s total heat (see p. 44). In the evaporating coils, the 
amount of heat tak(m in from the (;old body by 1 lb. of refrigerant is 
//„ - II f ( Kig. 70) ; also the heat rejected to the condemser and cooler 
is 4/ f, - II Diirhig throttling in passing the expansion valve, the 
total heat is unchangcul, and Ilf -= Hf.. TluTcIore the heat rejected 
is Hi, - Ilf. Tln^ work done in driving the eomim’issor, represented 
by the area of th(». 2 ^'^ indicator diagram (Fig. 21, p. 44) or its 

thennal equivalent, A Jhv . dp — Hence the quantities 

of heat d(‘alt with during tlu^ whole refrigerating cycle ari' 

Work (‘Xpend(>d — Heat r(‘jected — Heat taken up 

(Hi,-Ilf)-{H,,~-JIr) 


The co(41ic;ient of performance; 


II a - Ih 

11, -Hf 


41iis rciprescuits the piTfoi’jnanet^ of the; standard refrigerating 
machine v'orking on tlie ideal cycle, Avith adiabatic compression 
betwT.en constant ])[‘essur(; limits of suction aiid dischaige, chosen 
by the Institution of Mechanical Engineers, and clearly explained 
by Sir Alfred Ewing in the Report of the Refrigeration Research 
Committee.* 


* See Min. Proc. Inst. Much. Eny., Oct-., 1914. 
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The standard unit of refrigeraticrn proposed for rating refrigoratijig 
machines is 1 calorie per second, the calorie being the amount of 
heat required to change the teinj)(‘ratuT*(^ of 1 kilogram of watt^r 

by 1° C. ; 1 caloric is 2-204() x or 3-9()S3 B.Th.U. ; and 1 calorie 

per second is equivalent to 3-9()83 X 60 x 60 < 24, or about 
342,860 B.Th.U. piT day of 24 J\ours. 

The refrigeration may bc^ stated for particular tern])erature lum- 
ditions, or for standard- conditions d(‘lined as follows : Tlu^ tem- 
perature limits to be steady ; the temperature of th(' cooling water 
to range from 15° C. (59° F.) at inlet to 20° C. (6S° F.) at outlet, 
and the temperature of the brine to range fiom 0° (). (32° F.) to 
--5°C. (23° F.). The refrigeration produced imd(T standard (;on- 
ditions is called tin*- rated capacity of the machini^. A niucliine of 
unit rated, capacity produces a refrigeration of 1 calorie per second in 
steady working under standard conditions. In tlu^ ease of cockling by 
direct expansion, without the us(* of brines, the lower limit of tem- 
X)eraturc of the vax)our in the evai)orator is taken as - 10° C. (14° F.), 
and the temx)erature of the (*ooling watta* tlu^ same* as tlioso for 
machines using brine. 

“ In the ideal standard- cycle for comparison with actual ])er- 
formance, the most ellicient cycb* (‘inploying adiabatic com[)ression 
is that in which the pressures of suction and condensation, measured 
just aft(^r and just Ixdoix* the sul)stanc(‘ pass(‘s th(^ val|^(‘, 

arc the same as thos(^ that occur in tln^ actual ])ro(*css of Avorking, 
and in wiiich the substance is cool(‘-d l)efor(^ pa'ssing the (expansion 
valve to a temperatun^ et[ual to that at w hich, in thi’! actual process, 
the cooling water is suxqdied.’' 

The efficiency ratio is th(^ fraction— 

Coefficient of actual performanct) 

Coctficient of idi^al piTformance 

The work may be n^ivoned (‘-itlw*!’ as the* indicat ed work doin'- in 
the compressor or as the total work requirt'd to drive it, and, when 
practicable, both of thesi*- should be given in staling the insults of 
a test. 

For the calculation of the ideal iKu-formance, the Mollk^r charts 
of entrojiy and total heat for (X)^, NH3, and SO^, thci three sub- 
stances in jiractical use, havi^ been drawn on a lai’gc* scale*-, and tables 
giving the pressure tempiu’aturi*. and volunn* of saf uT"fit(Hl vajiour 
prepared by Profi*ssor F. Jenkin for tlu^ Committ(H\j 

Mollier, in his total heat eutroi»y chart, livses oblicpu* co-ordinat(^s 
in order to open u^) or s])r(*ad out the diagram and i‘xliibit- the cyclic 
more clearly. When plotting on ordinary squarc^d [)api*j-, the* co- 
ordinates are found by drawing lines parall(*l to tln^ direedion of tlu^ 
axes through (^ach state; point to cut the; s('al(*s. Tin; rectangular 
co-ordinates of the x^iint B, Fig. 74, are jy = 4, x — 3-5, and of 
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C, 4, 4'5. By drawing the axis of x, inclined at a small single a in 
Fig. 75, the vertical scale is not changed, bnt the horizontal scale is 



(N)-<iKD 1N A'l’l'lS ^ 'tl-OUDlNATKS 


enlarged 4 times, Ihe lim^ BC is niiuh' 4 limes its original length, 
and ihe triangh; A BC is enlarged for the same sizt! of paper, since; 



Ftn. 7«. H CiiiRT voK Catihon Dioxinr. 


the valut'S of x can be given as shown on the constant <f> lines to the 

^ ^Fig.*76 shows, on a small scale with a few lines, a total heat 
entropy chart for carbonic acid with oblique co-ordinates. Adia- 
batics ((f) constant) are drawn parallel to the obliquo axi«, and lines 



180 


^APPLIlSr) THBPMOPYNAMICB 




roj)roaenting constant total heat are horizontal. During evapora- 
tion or condensation of the at conMani pressure and tenipc^raturi^, 

the change of total heat, if II -- dQ T . di, and — T, so that 

d<f} 

the slope of a constant pressure, line nu'asnres the temperature. 
Within tli(^ saturation \'mr. oivhoimdajy curve, representing the 
mixture of fiquid and saturated vapour, the temperature of satura- 
tion along any constant pressure line is constant, and thereiorcj any 
constant pressure line in the wet region is straight, but, upon 
crossing the dry saturation line into the region of suptu'heat, the 
temperature risers and the line curve's. ]^"aeh of th(^ fan-shaped lines 
is thus a lim^ of constant j)ressure and temperatures, and re'presemts 
evaporation in the re'frigerating coils. The effect e)f drawing the 
oblique axis is to open out the', fan. Again, since thei heat taken in 
by the liquid during evaporation is i)rope)rtional to tlq^ elrynci^ss, 
equal distances along any constant iernpeuaturei line gh e^orrespond 
to equal incrc-rricnts of total heat, or e'qual e banges ejf dryne'ss. Any 
e'vapeu'ation lino like' (jh may be^ divided into 10 equal parts, repre- 
se'iiting dryness fractiems. 

Vapour Compression Cycle on the i/c/> Chart. Ju Fig. 70, ^vhich 
shows the changes e)f te)tal lu'at in re'.lation te) euitropy for carbonic 
acid, the same' letters a, h, c. d, c, / re'prcscnt ilie^ state points of the 
refrigerant througlunit tlie cycles as are^ givem in the Tcf) diagr£fn, 
Fig. 68 (}). 100). Tlie^ point a reprevsemts the state*, of the*, fluid 
mixture in the*, (evaporating ce)ils bedore it enters tlu' compressor. 

During evaporation along fa the> constajit ])re'ssui“e is 400 lb. per 
sq. in., and the teun])erature^ abemt At a tlie^ wetness, of 

the vapour is alijqli, and the* dryne'ss frae-tion aq Iqh is 0-95, when the 
mixture is dra\Mi hiio the' coin])re'Ssor, Tlie^ line ab parallel to the 
oblique lines of eemstant emtre)py re'pre'sents adiabatic eornpre'.ssion, 
and is drawn to inte'rsect at b the' curve giving the higheu* limit of 
pressure, namely, that in the condenser, 80011). peu’ sq. in. The 
temperature of the siipcrhe^ated vapour is tlie'ii ,‘15 ' 0. 

If evaporation weue^ comple^te and only elry saturated vapour 
drawn into the compre’issor, then “ dry ” adiabatic compression in 
the region of superheat would be shown by the brokeui line hv, 
drawn from h on the dry saturation line ; and the' le'inpe^rature at 
V, 45° C. 

On the other hand, if the dryness fraction of the mixture we'.re 
only 0*83, at % when taken into the coinpressor, such that the 
line would not pass the dry saturation line but meet it just at 
the condenser pressure, then there would he^ no superheating, and 
the compression is called entirely “ wet ” compression, and the 
temperature of the dry saturated vapour 18-6° C. . 

The difference between the readings on the total heat scale of 
the endvS b and a of the compression line, namely ~ 6, 

gives the acnount of work in heat units necessary to compress 1 lb. 
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of the refrigerant. Eor hv, the work done is equivalent to C-7 
C.H.U. ; and for a^c it is 5-2 C.H.U. 

The superheated vapour at b is cooh^d in the eondens(T at constant 
pressure, 800 lb. per sq. in., to dry saturated vapour at c ; followed 
by condensation cd until all is liquid at d, and tein])(Tature IS O' (!., 
and th(', liquid is further coo1(m1 to lO"" ('. at th(‘ state i)oint e, fouml 
by th(* intcrse(!tion of the constant f)ressuri^ lim^ from d with the 
line of constant temperatures aj)propriate to the cooling water. 
Now the liquid at 10° C. passes through the expansion valve into 
the evaporating coils. From e draw a lino ef parallel to the hori- 
zontal lines of total lii^at to meet at /, the \im) representing the 
temperature - 8-0° (J. and pressur(‘ 400 lb. per sq. in. in the evapo- 
rator. The line ef of constant total heat r(‘-prc^s(^nts throttling 
through the expansion valve, and determines the state point /, 
giving th(^ conditions A^h(*n evaporation starts in the coils of the 
refrigerators ’[Fhe dryness fraedion gjjgh indicates the fraction of 
liquid which has (ivaporat(‘d in tlu^ throttling process to reduce the 
mixture to the t(unperatur(‘- and pre^ssun^ in the evaporating coils. 

The line fa shoAvs ('va|)oration at the lower constant temperature 
and pnvssure during llu^ ('(Tcutm* refrigeration. Idle difference 
between the readings on th(' vertical total heat scale, corresponding 
to the state iJoints a and /, th(^ imds of the (evaporation line, gives 
the amount of hc‘at Avhidi 1 lb. of tlu^ carbonic ac id in the evaporator 
takers U2) from tli(‘ brine or cold body. 

In‘this case the rcfrigc'rating <‘ff(H*t, ll^^- Hf — 48 C.H.U. per lb., 
and the coefficient (jf performance is 48/6, or 8. When the evapora- 
tion is carried on to com])let(4y dry vapour at h, H j, - Hf = 6\ 
per lb., and th(‘ coc'fficlent of piTformance is 51 /6-7, (jr 7-6. 
In the third case, that of ‘^Avet” comjOTSsion, — 40-8 

C.H.U jier lb., giving a coeflici(*nt of performance 40-8/5'2, or 7-85. 

Sir Alfn^d EAving points out* a simjih^ imdhod of d(‘tormining the 
dryness btfore compression aa hich gives the maximum coefficient of 
performance in th(^ id(‘al theoretical refrigt^rating machine. 

“ The refrigerating effect of any degree of dryness a, Fig. 76, 
before compression is proportional (on some scale) to the length /a. 
The work clone is proportional (on another scale) to the length a6. 
Hi'iice thi* position of b Avhich will give the highest coefficient of 
performance*, is that which gives the smallest ratio of ah to fa. This 
is found by drawing a tangent from / on the evajioration line to the 
line of constant pressure for the condenser, meeting that line in 6. 
Then the compression line ^6 is the one AAhich gives the maximum 
coefficient of performance in the ideal cycle.” 

In order to determine the standard cycle a point e is taken, 
which gives the condition of the liquid carbonic acid at 10° C. in 
this example before it enters the evaporator. Draw the line ej 

* Soo Ai)pondix IT of the Heport of the RifrKfvration Cotnrnittce of the Institu- 
tion of Mechanical Kngmeers, 1914, p. 681. 
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parallel to the horizontal lines of total heat to meet the line repre- 
senting the required iemy)oratiire and ])r(^ssure in the evaporator. 

Then the tangent from f i-o the condcmser pressure curve deter- 
mines the point b in the Fig. 70, henec^ the state point a of dryness 
at which compression should begin. It is advisable to use the large 
scale charts, drawn up by ^Professor C. Frewen Jonkin, from 

which the figures given in this 
Cixample were found by mea- 
surenumt. 

Again, suppose the eon- 
dc^nsed liquid at 18-0'' C., in 
the state d, insb^ad of biding 
(*ooled to 10“ C., as in the previ- 
ous i^xampl(‘, is allowed to pass 
directly through the (expansion 
valve. The throltKng is repre- 
sc'uted by the constant total 
heat line d/j, and eff(?ctive re- 
frig(Tation starts at /j, when 
the dryiK^ss fraction is already 
(jfilg/t. Now, for maximum 
ptu*f()rmane(‘, draw a iangent- 
fVoMi to the condens(ir pres- 
sun^ eurv(^ be, and the (oniJlant 
(j) lim^ from the point of contact 
meets the evaporation line gh, 
wluTo thi^ dryness is 0-975. 
The maximum eocfficieitb of 
p(‘i*formance is found to be 
7*25, instead of 8. Obviously, 
the p(‘rformane(^ of the machine 
is iiiqu’eved by cooling the 
Entropy. liquid refrigcTant after (nn- 

Fig. 77. ll^ C^iAKT ruR Ammonia densation and before it pass(^s 

the n^gulating or expansion 
valve to the lowest b^mperature to tak(^ up h(‘at, from tlu^ (jold body. 

Another example is given in Fig. 77, to illustrab^ the us(^ of the 
diagram for ammonia. The buiq^iTaturt^ of evaporation taken 
is -5“ C. at the corresponding constant pnsssure 50 lb. per sq. in., 
and the ammonia is condensed at 35-5“ (J., the i)ressure b(ung 
200 lb. per sq. in., and the liquid cooh^d ^o 15° 0. 

Hero the cooling curve de of the liquid ammonia practically 
coincides with the boundary curve, even on the large scale chart, 
while the points e and/ coincide on the diagram, Fig. 77. 

When there is unct^rtainty as to the (‘xact point of cont»ot of the 
tangent fb to the curve, the ])oint a for th(‘. greatest coefficient of 
performi^nce may be found by taking sev(^ral values of the dryness 
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before compression, so that the vapour is dry or slightly superheated 
at the end of adiabatic compression. 

Starting witli the vapour of dryness 0-9 when drawn int>o the 
compressor, which gives dry saturated vapour when the pressure 
is 200 lb. per sq. in., it is only necessary to take the two readings 
of Ha, H^ on the chart for each compression line, and of Hf on 
the total heat scale. The following results were obtained — 


Dryness lioforo 
Comprossion 

Kefrigeraliny 

Dffort. 

Work in the 
Compressor 

Coefficient of 
Prrforrnanee 

1-0 

I 

45-5 

f)-30 

ODTf) 1 

277 G 

4;h7 

G-.35 

1 

270-2 

41-7 

0-48 


258-0 

.*?90 

0-03 

0-9, 

255-C. 

3S-8 

0-58 


Thus, according to the idc^al standard cycle for ammonia, on the 
assumi)tion of adiabaUc compression, the greatest coefficient of per- 
formance is found by Jiaving the vapour slightly superheated at the 
end of compression. 

"Froin the H<j) charts it is (^asy to deliTJuine the amount of heat 
which 1 lb. of ammonia or carboni(5 acid can extract from the cold 
body when w'orking under givtm conditions as to temperature and 
pressure of evaporation and condensation. It is also ne^cessary to 
know the volume of 1 lb. of the working fluid in the state of vay)our 
frofii t/ables. Then, making due allowances for loss of heat, mech- 
anical and volumetric (dliciemcies, the power and size of the 
compressor jnay be (estimated. 

In the actual machine, instead of the ideal adiabatic compression 
there is interchange of heat between the vapour and the walls of 
the compressor cylinder, and this transfer of heat is less with dry 
c^ompression than wdth wet, because the liquid is a bettor heat 
conductor and has greater specific heat than the dr}" vapour. In 
addition to tln^ indieahd work in the compressor, there is heal, 
given to the vapour, equivalent to work spent in friction of the 
piston and glands. Every part of the plant at a temperature below 
that of the atmosphere must gain heat by leakage into it from the 
surroundings. 

With saturated vapour m the compressor at the end of the stroke, 
the loss due to clearance may be greater than with superheated 
vapour. It is all-important to have the clearance between the 
piston and cylinder cover, reduci‘d to the smallest practicable. Any 
vapour -remaining in the clearance at the end of the discharge 
stroke is at the higher pressure, and the piston must travel some 

13— (5434) 
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distance in the suction stroke before this vapour expands below 
the lower pressure to allow the fresh charge to be admitted. 

Superheat at the end of compression is also desirable, to avoid 
liquid being pumped idly round the whole c^ycle, and to ensure 
that the clearance space does not contain li(iuid which would 
evaporate during the following suction stroke, and seriously diminish 
the circulation of the vapour and thii volumetric efficiency of the 
compressor. Thus by can'ful adjustnK'iit for slightly wet com- 
pression, a greater quantity of refrigerant would be circulated and 
greater refrigerating effect apparently yjroduced ihan with all dry 
compression for the same volume swept by the piston. Generally, 
in practice, the liquid is coinplctcdy evaporated in order to avoid 

tlu^ absorption of heat by evapor- 
ation in the compressor cylinder, 
which is found to counterbalance 
the slight theoretical gain by 
partially wet compression. 

When the temperature of water 
entering the condenser is near the 
critical point of carbonic acid, 
suxjeiheating is necessary. With 
cooling water at a lower tenipera- 
Fi( 4 . 7S. lJ<f) (^uART ture, and under ordinary working 

conditions, the record of tests 
shows the best results when the CO 2 vapour is discharged |rom 
the compressor at a temperature about 50'’ to 70° (J. 

Trials. In tests by Linde lo compare the ptTformance of a 
carbonic acid machine and an ammonia machine (a) when the con- 
densed liquid was cooled to the tempcTature of the refrigerator 
before passing through the expansion valve, he found practically 
the same amount of refrigeration in each machine, (b) When the 
temperature of the condenser was 72° F. and that of the brine 
15° F., the co-efficient of performance in the COg machine was 
82 per cent of that in the ammonia machine, (c) When the con- 
denser was raised to 95° F. and the two machines working between 
the same limits of temperature, tht‘, co-efficient of performance of 
the CO 2 machine was 50 p(ir cent of that in the ammonia machine. 

Professor Schrottcr made ean‘ful trials of a Linde ammonia com- 
pression machine. The cooling water was su]jplied at 10° 0. and 
raised to 20° C. in the condenser. Tn one case the mean temperature 
of the brine was - !l-5° (J., the indicated horse-powtT of the com- 
pressor 14-5, and the actual co-efficient ot. performance 7-21 ; undtn' 
the same conditions the ideal periormance, of the. cycle with an 
expansion valve would be 10-2. 

Example 5. An ammonia vapour compression ro f rigor ation plant is to 
effec^t a rofrigoration of 2(^ lb. o.alories por sooond, and tlio working hriiita are? 
as shown in the bout entropy chart. Fig. 78. The net heat from the cold 
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ohambor is only 85 per cent of the possible amount shown on the chart, anti 
the mechanical ehiciency oi the c.oiii))ressor is (i5 per rtmi. Deteruiine the 
liorse-j)ovver required to drive the compressor and tlie amoiinl of Unid circu- 
lation required if or the stated performance*. 

If (he specific volunui of saturated ammonia vapour at 40 lb. per sq. m. is 
7 cub. ft. pi^r lb., determine a suitable size ol eompressor at 80 r.p.in., single- 
acting, with a piston speed not exceeding 150 ft. per min. 

(r/./.., n.Sr. [Emj.), 1921.) 


By the charl, at the Htaie. points a, h, c, e, / of the eyclo, wo liave 
Heat extracted //„ - Ilf - 274 - 22 

^ 252 calories p(‘r lb. of evaporated. 

Work done II ^ .‘HO - 274 3() calories. 

Net refrigi^ation pt‘r lb. NH3 ~ 252 X 0-85 

== 214-2 C.H.IT. per cycle or rev. 

Let V ™ specific volume of gas leaving evaporator 
S = specific volume of liquid 
X == dryness fraction of gas Usaving evaporator 
Then effective volunn^ per lb. of NH3 

- Vx f ,9(1 - .r)* - 7 X 0-91 -3 0-37 cub. ft. 


refrig(‘ration jier cubic foot of compressor cylinder volume 

11.- Ilf 214-2 , . 

— v, = -TT-o^T = 33-62 calories. 

Vx 6-37 

Tlie refrigeration required is 20 calories per s(‘e., which would be 
given b}^ 

• 20 

X 60 cub. ft. of NH3 per min. — 35-7 cub. ft. ])er min. 
and then* are 80 rev, or cycles per min. 

35-7 

Hence each charge* })er cycle or n‘Volntion — cub. ft . of NH3 

Now, work done per lb. NHgper cycle— 36 (J.H.U. — 36x 1400 ft. -lb 

and the work doiui per cubu; foot = ^ ft. -lb. 

Horse-pow(*r n^quir(*d at 80 cycles per min. is 
36 X 1400 x 35-7 100 n 

SOTx SS-SO)- 66=’'’'®"'^' 

Again, at 80 rev. or 160 piston strokes per min., and piston speed 

15 

150 ft. per min., the huigth of one stroke is But the volume 


* The twnu .w(l - .r) () ()2r>(»:qi -O-OJ) - () ()()28 for NH^, is negligible for 

practical purposes. 
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swept by the piston during one suction and one compression stroke 
must be 2 X 35-7, or 71*4 cub. ft. per min. 

Let A se(’tional area in square feet of compressor cylinder, 

then A x X 160 - 71-4, and .4 - 0'476 sq. ft. 

Diameter of cylinder in indies — 9-342 in., 

15 

and piston stroke ~ t-.. X 12 — llj in. 


Regenerative Cooling. The Linde 
regenerative process of refrigeration, 
applied to attain the lowest tempera- 
tures for the liqu(‘faction of air and 
gases, is based on th(^ Joiilo-Thomson 
cooling (‘fleet. ,, 

In the diagram Fig. 79, the com- 
pr(\ssion pump, P, draws in air, or 
other gas, by the suction valve (r, 
and delivers it under high pressure, 
p^, of 100 to 200 atmospheres, by 
th(‘. valv(' H to the cooler P, through 
which cold vater circulat(‘S by tlu' 
inh't K and tlie outlet L. Th(^|eom- 
press(‘d air at liigh pressun;, and 
temperatui’(‘ then passc's through 
tlie couni er current interchanger by 
the inner spiral pipc^ 1)E, to,, the 
thrc^ttlc valve or orifict^ N , into the 
vessel C. During throttling the drop of bunptu’ature to occurs 
with the pressure drop from to pj- 

Then the air returns through the outer pi[)(^ FD, taking up heat 
from the com]iress('d air flowing in the ojiposite dirc'c.tion through 
the inner coil DE, and is raised veiy lu^arly to the initial tem- 
perature 1\ at D. The same air is again drawn into tlu'- compression 
pump P, and goes through the cycle of compn^ssion, cooling 
throttling, and taking u]i heat during its retui n. 

The apparently slight cooling effecjt or drop of t-iunporature by 
throttling, which in thc^ case of air is only Y cv^‘ry atmosphere 
fall in pressure, when repeated continuously under the difference 
of pressure, Pi -P 2 , enables the air after throttling to take up heat 
in the interchanger from the other portion of compressed air on its 
way through DE to the throttle valve. By repeating the cycle 
with continuous abstraction of the same (quantity of heat from the 
interchanger coils, and air in them, any gas is gradually reduced 
b(‘low its critical tempcirature and to 7^2, tli(‘ boiling point at the 
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lower pressure which produces liquefaction. Thus the steady 
state of thermal equilibrium is established at the lowest temperature 
in the vessel C. 

The ideal conditions are : No heat leakage from outside to the 
interchanger, and compk^te transfer of heat in the intorchanger 
at every point along the iiiiKu* coil at th(^ high pressure, p^, to the 
outer coil. Then there will be a gradual fall of temperature from 
at D, to E, wheu'e the dro]) of temperature by throttling eventually 
reduces it to at F in the low pressure coil FD, in which the 
returning gas at pressure I’t^ceives heat from the high pressure 
coil and gas, until at 1) its tcMUperal ure is raised to 

There are two loss(\s : (1) That due to li^akagc'. c)f lieat from the 
outside by eonduetioii and radiation, whieh thorough insulation 
may reduce, but m^veu* quite ])r(‘vent. (2) Tmptufect intcrchangi^ of 
h(‘at, which is oAUTcome by the eount(T (nirrent in V(uy long pij)cs 
of copper or other good c-ondued/or of lu^at, one inside the other, 
formed inter a spiral coil or w^orm, giving close tluM'iual connection. 

The Joule-Thorn son cooling (dh^c.t, for a givem pressuni 

drop may bo jiu^asiirc'd by the quantity of beat, Q per lb. of gas, 
necessary to rais('. tlu^ gas aft(T thrcJiling to tlie bunperature 
at which it enters the iiitcu’changer. That is, Q — Cp[T-^-T^), 
where C^^ is tlu^ iiuam s[)ecilic heal of the gas Indween these 
tc'inperatures and at the low(U’ pressure 

Now, tlu^ lotal heal, //, is a function of the pressiii’e, and for a 
given t(‘inperatur(‘ tlu^ total lu^at of a gas is greater at the lower 
pressure. Each ] round of gas emtoring tlic^ intoreliangcT at 
lias internal encagy and the work done u])on it is ppj^ If each 
pound of j’cdn ruing gas Ic'aves the interchangc^r at thcr same point D, 
und^r prc'ssun^ same temperature 7\, liaving taken 

up a quantity of heat, Q, in the intcu'changer, it has internal energy 
and do(‘S Avork against (‘xterual pressure; equal to Therefore, 
the dilT(‘rc;nee in llie total h(*at is the amount of heat taken from 
the a\)paratus p(‘r [round of gas that tlou s through in one cycle — 

— I Ap.p\2^ — (/(/| -\- A ■ 

This amount of heat Q is that necessary to raise the gas on leaving 
to the t(;m peralurc' 1\, licuiee Q -- 

The value; of Q de;p('nds only on the; pressures and p^, and 
the temperature and may be; determined experimentally by 
observing the; Joule -Therm sem drop of temperature, T^-T^, during 
throttling from to po’ without any interchange of heat 

When the‘ gas begins ter liquefy, the part that is liquid collects in 
the vessel C, and is drawn ertf by the steqr-cock M. More air is 
]mjn])ed in through the; stcr]) \ alve A by an auxiliary low pressure 
pump, to re]rlae;e the fraction that is liquefied. 

The elT(;ctive re;frig(uation is greatly increased with a lower initial 
temperature, 7\, he;n(;e; the'' eomirressed air or gas is pre-cooled by 
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separate refrigeration before being supplied through tht) stoj) valve 
A. This pre-cooling is essential for hydrogen, in which throttling 
at the ordinary tempcjrature has a heating effect that becomes a 
cooling effect at a low initial temperature. 

Linde also showed that, while the cooling effect in tlirottling is 
increased by a larger pressure^ drop or difference of j)rcssuros 
Pi ~ ^ork done in compression depeiKls on the ratio of the 

pressures r — — , which should b(‘ ]ve])t small to obtain greater 
P 2 

practical elHcic'iu'y. In tht^ isotlierinal coJn[m\ssion of a peilect gas 
the Avork spt^nt is R7\ loge r, and in adiabatic- conipiession from 

/pAr >. 

constant initial temiXMatiin', ( — 1 y is tlii^ variabhj facitor. 

{PzJ 

Lcjic-e, by working at a c(miparativ(‘ly higli back pi‘essiir(^ p.,, th('. 
work spent is greatly redu(‘(‘d. If is KK) atmosplu‘r(‘s and p^ 
om‘ atmosphere, the cooling effect is ])roportional to 1)9, apd tlie AVork 
of comprc'ssion is neaj’ly proportional to log lOt). Whereas, Avhenp 2 
is 50 atjuospheres, th(‘ cooling effect is ])ro])ortional to 50 and the 
AA'ork of the comprc'ssion pump to log 2. Foi' adiabatic compression 
the work is still mon^ r(‘diieed. Thus, working with 
atmosph(U’es giv^(‘-s higher th(a*niodynainie and practical efficiency. 
When Pi is 200 atuK)Si)h(‘.res, pg may be 100 for etficient Avorking. 

As liquefaction proceeds, the apparatus remains at a stt^ady 
temperature condition in thermal (equilibrium, not getting any 
colder, neither gaining nor losing htait on tlu^ Avliole. At this stage 
the larger fraction of gas not liquefied coiitiniK^s to go through the 
same cycle, and the gas leaves the intorehangen* at the same tem- 
p(^rature as the gas that enters at i>. , 

If X is the fraction not licpiefii^d, and I - x the small fraction 
drawn off as liquid at T 2 ; then the total heat of the gas entering 
the interchanger is (;qual to that of the gas returning at D^ 
together with (1 - x)Hc of the liquid leaving at C. 

Hi = xHo -1 (1 - x)ll. 

Suppose th(^ licpiid leaving at C AVtu’t^ evaj)oratt*d at its boiling 
point and the vapour h(*ated at the sain(‘ pri^ssurc; pg, from 

T 2 to to bring the whole of tlu‘ fluid leaving tlu’i interchaiiger 

to the ttmipei ature at D ; the heat rc^quin'd would be 

which gives the fi*action (I - x) that is liquelied. 

In Norway the Linde jilaiit liqiu^lms air on a larg(‘ s(*.alt'- for the 
purpose of su])plyiiig nitrogen, which is ])asse(l oven* hot calcium 
carbide in the manufactun^ of a nitrogiuu^ous fertilizer. 

Rectification of Liquid Air. In the Linden process of rectification 
of liquefied air, th(^ more- volatiles nitrogen evaporat(\s more readily 
than oxygen, and the liquid becomes richer in oxygen. Under 
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atmospheric pressure the boiling point of nitrogen is about - 194®C. 
or 79° C. (abs.), and that of oxygen - 182° C., or 91° C. (abs.)* 

In one process the upper part of a tall rectifying column is filled 
with glass balls, through which liquid air trickles down ; and at the 
bottom there are condenser pipes, where nearly pure liquid oxygen 
collects. Highly compressed air, cooled by passing through a 
counter current interchanger, enters at th(^ bottom, becomes lique- 
fied in the condenser pipes, and its latent heat scarves to evaporate 
some of the liquid oxygcTi. A stream of oxygen gas passes up the 
rectifying column and Jiieets the liquid air trickling down. The 
oxygen gas condenses and returns w ith the down-stream, while the 
latent heat givtm out by the condensation cvaj)orat('s the* nitrogen, 
whi(di pass(\s off at the top of tlu^ column mixc'd with about 7 per 
cent- oxygen ; whiles nearly puri^ oxygen collects at the bottonn 
The gas from tlui to]) of thf‘ column is passc^d thi’ough a counter 
current interchanger to take* heat from the incoming compressed 
air. • 

In a modification of this [U'oeess, a fractiojial medhod of lique- 
faction is adopted to sciiaraie a liquid rich in nitrogen into ])ractically 
purc^ nitrogen, which ])asses off as gas at thc^ top of the rectifying 
column, and oxygcai at ihci bottom. 

Ammonia Absorption Machine. Ammonia vapour (NH;,) is very 
soluble in cold water, and heat is givcni out whcui th(‘ NH 3 is absc^rbed 
by Avater. Thci ammonia va])our may bc^ driveji out of thci solution 
by heating it, and a largc'r c]uanlity of hc^at is ncu'.ded to evaporate 
the liquid when in solution AAith ivater than to evaporate the 
same weight of ])ure liquid atnmonia, at the sanies prt\ssuro and 
tcunpcn’ature. 

^The diffc^remetr is the lic^at cau^rgy required to overcome the 
afiinity of thc^ substances and to separate th(^ NH 3 from the 
water solution. It takes about 450 to 470 O.H.U. to separate 1 lb. 
of NH 3 from the solution in watcu* and cdiange its state from that of 
liquid to vapour, w ht^reas the latcuit/ heat of evaporation from pure 
liquid ammonia is onl}^ 300 to 320 ChH.U. ])cr lb. (See Table 11, 
|). 192.) When the NH^ vapour, drivcm out of its water solution 
by steam luxating in the generator, Fig. 80, is cooled by water 
circulation in a condenser, it is readily liquefied by its own pressure 
above 150 lb. per sq. in. (abs.) at the ordinary tempcu'ature. In the 
princess of refrigeration, thc’s lii]uid NH 3 , at this pressure, is allowed 
to pass through a reguhifing or exjjansion valve into thc^ evaporatmg 
eoils in the refrigerator, where it c^xtr'aets its latcmt heat of (evapora- 
tion from the brince or otluer body to be cooled. 

The vapour ])ressure is reduced, say to about 30 lb. per sc]. in., 
and evaporation eiieourag(‘d by ahsmption of the vapour in the 
solution in the* absorber at 25 ib. ])(er sc]. in., which acets likie the 
suction stroke* hi the va])our comprtessioii juaehiiie. The w^ater 
solution, rich in NH 3 , is pum])ed from the absorber back through 
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the inierclianger , where it is heated, to the analyser, whore it drips 
down over trays to the generator. 

While the NH 3 is driven out of the solution in the generator.. 
heated by steam coils, the liquid becomes denser and falls to the 
bottom. This weak solution from the bottom of the generator at 
the higher pressure and temperature is allowed to pass the check 
valve and through coils in the interchanger or economizer, where 
it gives up heat to tlu^ rich solution puin})ed from tlic absorber, 
and, thus cooled, passi^s again to the absorber, which requires to be 
eool(‘d bec ause of the ajiiount of heat giv^eii out by the NH^ in 
dissolving. 



The wet ammonia va])our leading the gen(‘rator passes u]) through 
the analyser, or sc‘])arator, containing a sc^rit's of trays vvliich separjtte 
more wattu- from (lie Th(‘ vapour is fintluT cooled and dried 

in a rectifier, not shown in the diagram, Fig. 80, on the top of the 
condenser, and tlu'-. water coridcmst'd is returned to tlu' uppc'r part 
of the analyser. 

In this absorj)tion jaocc'ss of rdrige^ration llu^ ehieh'uey is 
measured by the ratio wliere is tlie rdrigtMation c‘lfect, 

that is, the amount of Ji(‘at extracted from tlie brine in th(‘ (‘vapo- 
rator, and Q is the heat sup])lied to the r(drig(^rating machines at 
high temperature in the steam, not only in tlu^ gcuic^rator coils, but 
also that required to drive th(‘ ])umj). It is obvious this elTiciency 
must be less than unity, on account of the additional- heat nee^ded 
to drive the ammonia from th(‘ solution in v ah^r, aboV(‘ the latent 
heat of eva]X)ration Avhieh gives the elfeclive refrig(a*ation. In 
practice, taking into account all the loss(‘s, tlu^ r(;frig(U“ation effect 
is about a quarter of the heat sup])lied in the steam. For instance, 
tests show that an ammonia absorjition machine is capable of 
making 15 tons of ic(* ])ct ton of coal. The calorific value of ordinary 
coal is about 12,000 B Th.U. per lb., and the lusxt taken from 1 lb. 
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of water in cooling and freezing, is about 200 B.Th.TJ. of effective 

0 15 X 200 

refrigeration. Then the heat ratio, cent. 


In the absorption refrigerating machine invented by Mr. W. W. 
Seay, anhydrous NH 3 is absorbed by anhydrous salt like sulpho- 
cyanide of ammonium, for which it has great affinity. The pro- 
portion in the mixture is 1 lb. of NH^ to 3 lb. of the dry salt, which 
unite to form a liquid solution, and the NH 3 vapour can be driven 
off by heating, leaving the salt dry again. There is no water 
in this working substance, only in the absorber cold waU^r circulates 
through a coil of pipe to take up the heat given out during absorp- 
tion of the ammonia vapour by the salt. This heat is much less 
than the latent hc^ai of th(^ vapour, for part of it is used to liquefy 
the salt. In the sajue way, in the generator, steam or hot water 
through a coil of pqje supplies the h(‘at required to drive off the 
NH 3 vapour. The amount of heat requircMl is also less than the 
latent heat*of the vapour, for part of the heat required is given out 
in the solidilieation of tlu^ salt. The NH 3 vapour from the generator 
is cooked by circulating water and liquefi(^d in the condenser, then 
it passiNS through an (expansion valve to the evaporator, where it 
extracts heat from tlu^ brine in the usual way. 

The ])i‘rformance of tlu^ Seay machine is stak'd to bi^ more 
(‘liicieiit than in the method by absor])tion (»f ammonia in water. 
Hovc'ver, the process is inteianittcnt and is not likely to show 
greater economy than the vapour compression machine in practical 
working.* 

Properties of the Chief Refrigerants. Tablesf 1 and II show that 
the i)ressuTe of is higlu'i' and tlui volume of the va])our smaller 
thaiT those of amnionia,. (Jonsequently the C'Og jnaehines are the 
smaller, but carc' has to b(‘ taken to prevent h'akage past the 
piston, })islon-rod, and glands. 

CO 2 is colourU'ss and inactically odourless and, being heavier 
than ai?', dis])laces the ah' in a room or confiin^d space and causes 
suffocation. 


Ammonia is also colourless, has a pungent odour, and is noxious. 
It attacks brass and copper, so that only iron or ste(‘l pip(^s can bo 
used. 


The Board of Trade regulations only allow ammonia machines on 
board ship an hen enclosc'd in a separate room, usually cm deck ; 
while small (JO 2 machines may be? placed in the engine-room. 


* Kor furllujr parlicular.s on *1110 llirory of ion, soe Tin' Mechanical 

Proihu'iivn of i'uld, by Sir Alfrt^d lowing (Pub., Cainbridgt'* Lnivorsity Press) ; 
and on “ Vapour Coniprosaion liofrigerating MaeliincR,” Prov. Inut. Mech. K., 
Nov., 1912, and Got., 1914. 

t Table \ is abriilged from roKults by Professor H. L (vallendar ; and most 
of tlie data in ^J^ablo TI are from Dr. Mollior, eonverted into British Engineers’ 
units. 
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Joly measured the mean specific heat of COg vapour at constant 
volume and high density over the range 10° 0. to 100° C., and 
found = 0-2108. The values of the specific heat of COg vapour, 
at different pressures and temx)eratures, observed by Jenkin and 
Pye for their H<f} chart are as follows — 


Preasuro : 
lb. per sq. in. 

150 

2()ti 

300 

400 

500 

700 

Toini)eraturo °C. 

0" 

0-:23 

0-35 

0-38 

0-33 

0-40 


15° 

•33 

■33 

■30 

■39 

■35 

055 

30° 

■33 

■33 

“35 

■30 

■30 

■38 


The iiK^an volume of liquid aimnoiiui is 0-025t) cub. ft 2)er lb., and 
its specific heat about. 01) to 1-02. The sj)ecific heat of tlu', vapour 
at constant pressui t', is 0-508. 

'tARLt: J 

I’ltui'EiiTiKS or Cahbonic Ani) (('(> 2 ) 


I’l'iiip. 
r C. 

1*1 c>- 

hUK' 111 

111. per 

V 

Voliiiiic 
()1 lirimd 

III 

cub. f1 . 
per 11). 

VdIuiuc 
( il .sat u’ll 
^a])()Ul 

111 ( ub.1t 
per lb. 

llrul of 
liquid 
mil), 
(lalonc.s 

c.u.r. 

per Ib. 

h 

Latent 
Heat of 
salu’d 
vai)oiir 

C.M.C, 

pel lb. 

L 

'I’otal 

Ileal 

c.n.w 

pc'i lb. 

]l 

ICidioi 

Litiuid 

((/>) 

VapoLii 

SiH-eili 
at Coj 
l*res 

V .i])oiir 

e Heat 
istaiit 
sure 

Liiiuul 

- l.'»" 

331 

0 0150 

0 358 

~8 7 

0.1 5 

51 8 

1) 033 

0-31 1 



- 10° 

383 

0 0103 

0 330 

• 5^0 

00 0 

51 7 

0 03) 

U 300 

0 33 

0'58 

- 

441 

■0108 

(M88 

- -> (» 

57 5 

54 5 

0 011 

0 304 


— 

0“ 

505 

0173 

O'lOl 

0 

511 

54 1 

0 

0 108 

040 

0-03 

5° 

57(1 

■0180 

0^137 

3 1 

50 4 

53 5 

0 on 

0 103 

— 


10° 

(553 

■0187 

()■! 17 

0 5 

40 “3 

.53 7 

0 033 

0 185 

0.51 

0-74 

15° 

737 

■0100 1 

0 000 

10 0 

41 1 

51-1 

0 0.11 

0 178 

- - 

1 . 

30° 

830 

■0308 

0 083 

13 0 

3.5 7 

tot) 

0 047 

0 100 

0 03 

0-00 

:io° 

1037 

■0304 

0^048 

31 5 

1 5 4 

30 0 

0 081 

0 1 33 

0 83 

— 

( Critical 
■J Point 
131-5° 1071 

^ 

0 0344 

31 4 

0 

31-4 

0 10.1 

0 103 

Inf. 



TABLE II 

PiiorEiiTiEs OF Ammonia (NH.,) 


Temp, 
r C. 

Pres.sure m 
lb. jjer 
sq. in. 

V 

Volume of 
biitunitcd 
vajioiii ill 
cub. ft. 
]ier lb. 

Heat ol 
liquid in 
lb. tyiloricR 
C. U. IT. 
per lb. 

h 

Latent 
Heat of 
d at Ill’ll ted 
vapour 111 

c.ir.iJ. 
jier lb. 

L 

Total 
Jleiit, 11) 
ealorie.s 
C.IJ.U. 
per lb. 

11 

tail ro 

Jjiquid 

pv ((^) 

Vapour 

-10“ 

41-.5 

t; 8 

-8 

333 . 

31 1 

- () 033 

1193 

- 5“ 

51 

5 0 

- 4 ;5 

■UO 5 

315 

- 0 017 

11 75 

0“ 

01 

47 

0 

310 

310 

0 

M.5H 

.5° 

74*5 

4^0 

4 5 

.113 5 

317 

0 017 

M41 

10° 

80 

33 

0 3 

308 0 

317-8 

0’033 

M33 

1 .5" 

100 

3-7 

14 

301 

318 

0 050 

1107 

30“ 

13:5 

2-3 

18-0 

300 

318 0 

0006 

1-080 

30“ 

170 

1-7 

38-3 

300 

318 3 

0’008 

] 055 
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Ethyl Cihloride. A rc^frigerant in common use consists of a 
mixture of ethyl chloride* with a small proportion of methyl 
chloride which raises the vapour pressure. 

Ethyl chloride (C2H5CI) is a colourless liquid ; its boiling point 
at atmospheric, pressure is 12-5° C. It is very inflammable, a 
mixture with air can be (‘Xploded by a spark when tlie proportions 
by volumes of the ethyl chloride vapour are not less than 4-9 per 
cent nor niori* than 13-5 piT cejitT For pc^trol vaj)our the corre- 
sponding limits of inflammability are 1-5 per cent and 6-4 per cent. 

Ethyl chloride', doc's not attack iron or other JiU'tals. It attacks 
india-rubber, pure or viilcanize'd, make's wood swell, but lignum 
\ita(‘ can be', used for \ alveus as a n()j)-c.onductor of heat. Liquid 
ethyl chloride' dissejlve's a. small ((uantity of AvaU'r ; if exposed to 
the air in a. shallow glass, it (‘vaj)o rate's, rapidly falls in temjHTature, 
and ice' erystals form frenn the' moisture' in the' atine)S])he‘re‘. Similar 
ie‘e' cTystals ejuickly e*he)ke' the' e‘xj)ajision valve', in a refrigerating 
jiiacliine if the'ie' is any wate'r dissolve'd in the' e'thyl chloride. 

The late'iit he\at e)f ine'thyl ehleu’ide'. is 102'45 C.H.U. per lb. at its 
boiling ])eunL -23-8° 0., anel at mosphe'ric [m'ssure. The' nu'an specific 
heat of its vapour from ir)"" C. te) lOO'" C. is 0*222, and that of ethyl 
e'hloride' vapour is 0-245 ior tlie' same* range* and at 1 atmospheric 
pre'ssiire*. 'The spe*cific hc'at of the* sup(*rhe'ated vapour of e^thyl 
ehle)ride‘ increase's to 0-273 at llO^O. and 30 lb. per sq. in. The 
starting-jxhnt tor the cliai-ts is 0° C., where </> — 0, anel the total 
he'at H - Apv 0-02. 

TABLE ill 


or Ethyii CiiLoiium (LJI5CI) 




Spccilic 



Latent. 




• 


Volumi' 

llctii ot 


Heal ol 

Tol.il 

Entn 



l*n's,sui(‘ 

s.il iii'.iicd 

liiijiiKl, 

SpiM l(i( 

.satiii.it.cd 

llcjit, 



i’rini* 

11). Jirl 

vapimr, 

C.ll U. 

Heat 

vai»oiii, 

(j ir u. 

— 



S(1 111 

cub It, 

per lb. 

Luniitl 

e* 11 u. 

per lb. 



r e.'. 


per lb. 



per lb. 


Liipikl 

Vapour 


P 


h 


L 

11 




o;J 

‘J 80 

13 eiH 

0 .lOH 

H() 73 

100 4L 

-0473 

■3385 

.ur 

117 .vs 

3 01 

1 i-eio 

0 404 

87 8.J 

09 51 

■0401 

-3301 


07 

:i .")il 

9 b‘) 

0 .199 

88-93 


■0340 

•3319 


JO -.IS 

1 OS 

7 73 

0 394 

89 9.1 

97-06 

•0373 

•3340 

1 

l(i J'l 

4 0(1 

TH 

0 390 

90-98 

— 

•0306 

■3361 



(I 01 

3 St 

0 :isri 

01 97 

95 70 

-0137 

■338.1 


10 07 

7 37 

i 9.3 

0-380 

93 96 

94-00 

-0070 

■3410 

0“ 

S-0.1 

8-89 

0 on 

0 376 

93 8t) 

03 S8 

-0000 

■3436 

- 

7-lS 

U) HO 

- l -Si 

0-371 

94-73 

. - 

-0008 

■3463 

- 10“ 

70 

13«29 

:b()7 

0-367 

or. 54 

01-87 

■0138 

■3404 

I rr’ 


hi IS 

• 1 

0 .163 

90-11 


-■0307 

■3537 


* Ut-porl No. 14 on tlie^ “ 'riiernuil Vroportie'S e)f Etliyl Chloride*,” by 
Profe‘.sflor V. Je*iikin and Mr. L). "N. She)ilhe)se', for Uio En^iiie.*oriiig (^oin- 

Tiutt.r*o of Ee)od Invostigaiioii Ihuird, t)e’'pa.rl.ieu‘nt e)E Scientific; anti 

Industrial lieisoarcl) ; also Beport No. ID on tlio “ Theu*inal Properties of 
Methyl Clilorido,” by Mr. D. N. Rliortliose*. M.A. 
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Calcium Chloride Brine, which is cooled in the evaporator ajid 
convoys the heat from the cold body to the evaporating coils, is of 


mean density about ] -2 at 00“ F. (l5-5“ C.) 

, and of specific heat — 

Temperature °(3 

- 15° “ 10° 

5° 

O” 1+5° 

-1- 10° 

Specific Heat 

0-095 1 0 700 

0 705 

0-710 j 0-715 

0-720 


TABLE IV Ti!.MrnitATi!Riis 


Sul)«!l. uu'c 

( 'ritic.il 
Pii-sMin- 
Atiiiosjdicics 

(’rilicjil 
'I’l'inpci.O me 
'■ C. 

Itciling 
j l*oinl 

°c. 

Trcczing 
rmnt 
° (3 

VVj,ter 

2(10 


! 100 

0 

Ainniuiii.i 

11.*. 

1 {O’ 

' - :{.{ ' 

- 77 " 

Carbon Jlioxidc 

7 .') 

!1 ' 

i SO" 

oli" 

Oxygen 

.''ll 

-- 1 1 s 

- I S2'’ 


Atiiiosjilici 1 C Air 

SO 

- uo ' 

104" 


Nitrogen 

,r. 

1 ir.^ 

-101' 

- 2 1 4" 

Hydrogen 

-20 

- 211" 

-2i.r 

- 2.'iS ' 


lOXAMl’LES VI 

1. All aiimiOTiia coinpri'SsioH refiii^eratin}' marhme lias lo tin an ainoimi of 

refrigeration et|\ial io the jiroelueiion of 25 ions of it't' per 24 luaiis from and 
at 32° F. If ttio teinperatnre Inniis in the eonpiressor art' 75'^ F. and - 5° F. ; 
calenlato Iho horse-})ower of tlie eonijirt'ssor [a) on tlie assnin])lion tliat Ihe 
eyclo IS a perft'cl one, and (?>) if tli(‘ aelnal ]ierlornnine(' is (>0 per emil of tlie 
ideal. 3310 latent lii'iit of lec', 142 H 3’li.U. ]>er lb. B.Sr. (KniJ.).) 

2 . Find tlu' liorse-pow'er of a jierfeet reversed beal- engine that will make 
!)l)0 lb. of ie(^ per liour at 27° h\ from waler at IKh F. Wliat amount of lii'iit 
must bo pxtraeted p(‘r pound of ice (liven the sjx'eifie heal of ice, ()-5 ; Hind 
the latent heat 142 IhTli.l'. fier lb. 

3. In a Bell-(\)lenian i(‘frig('ral.mg uiaelnne llio air is diann in from the 

cold chairifjer at 23° 13 aiul atniosph(‘rie pres.snr(‘ of 15 ])er stj in. (abs ), and, 
after adiabalie eorniiression (o (>() lb jier stj. m (gaiigt'). llx* <ni, at 1hi.s const a-nt 
pressure, is cooled to (}()° F. 3’hen the air is expanded adiabat ically* to 
atmospheric jiressure and discharged to 1h(‘ cold chambei- Wdiat is (a) th(‘ 
net amount of work expended per ])Ound of air ; (h) the b(‘at extracted Iroin 
the cold chamber ; and (c) (la* eoellieit'id ol performance ? -- 0-23S for air. 

4. Jn an open cycle an ty])c of refrigerating machiim circulating J ,500 lb. 
of air ]jer hour, air is drawn from a cold chamber at a tempi'iuture of 10° t'. 
(50° F.), and compressed adiabatically to 07 lb. (ahs.). Tt is aft(‘j-wards cooled 
at this pres.sure to 25° (3, the temperature of the condenser, and thim expanded 
ailiabatically to atmosphe.ric ])ressurf‘ and returned to tlu' cold chamber. 
Find the number of units of heat (r/) extracted ]K‘i hour from the cold chambm-, 
and (b) the heat- rt'jected. If tla* iiidn'ated hors(‘-]ioM'('r ot the coinjiressoj' is 
25-0, find (c) the coellieii’iit of performanei* of th(' machine. 3"he spc'citic heat 
of air may be takmi as 0-241, and the law of exjiansion and eonqircssion as 

_r constant. /j.Bc. [tBiq,).) 

5. Fhe t<*m])eral ure range m an ammonia jilant is fiom 20° (.'. to - 10° C. 
Find the coefiicieid. of iicrformanei* (r/) lor the corn'spondmg reversi'd Carnot 
cycle, and also {h) for the ammonia ]jlant if, alt-iK- eoin])iession, tlie aniinorua 
gaa 18 0-95 dry. (r ) What imjuovisneni lu thi^ eoelheient of performance 
would be obtained if the jihint were so managed that the temperature of the 
gas after comjiressioii Mere 35° the pressure range remaining a.s fiefore ? 

33ie values of th<‘ entroiiy for tlie liijuid and dry vapour at 20° (3 ari‘- 0‘00(i 
and 1 0S9 ; and at - 10° (3 they an* “0-033 and 11 93 respectively ; and the 
specitie heat of the vapour is 0-5()8. B.St'. (Kmj ), 1925.) 



CHAPTER VII 

COMBUSTION OF FUELS 


The fundamental law of chemical combination is that all compounds 
are constant in composition ; in other words, the molecule of any 
substance has always the same atoms similarly combined. Every 
molecule of wat(^r always consists of 1 atom of oxygen combined 
with 2 atoms of hydrogen, and is then'fore represcnt(‘d by the 
symbol H./). These letters tell us the ivdghi of the substance. H2O 
means 18 parts by weight of the compound wati^r, or steam, con- 
taining 2 parts by weight of hydrog(Ni, and 10 parts by weight of 
oxygen. The molecular weight of a compound is the sum of the 
atomic weights of its constitucuits. 

Th(^ foltowing tabl(‘ gives, appiuximabily, in round numbers, the 
atomic or combining weights, and tlu^ molecular weights of the 
substances — 


Symbol of SiibstaTiro 

Hi 

<>2 


0 

Combining Weight . 

1 

1() 

11 

12 

Moloeular Weight . 

2 

:\'2 

2S 

— 


Thus CO2 means 12 -t- 2 x 10, that is, 44 parts by weight of 
carbon dioxide'. , ('0 represents 28 parts by weight of carbon 

monoxide ; and CH4, 10 ])arts by weight of methaiu' or marsh gas. 

All chemical chang(‘S take place bt‘tw(M*n fixed definite pro- 
portions by weight of substances. 

W'lu'ji an electric current is pass(‘d through Avatc'r containing a 
little suljdiurio acid to conduct the current, bubbles of gas an^ 
formed at llu' two platinum plat(\s immersi'd in the liquid and 
(‘.oniu'cted with a battery or other generator of eh^'-tric current. 
After making allowance for solubility of the gases and secondary 
cliemical chang(\s, and the gases collected separately, exactly two 
volumes of hydrogtm are givtui off at the platinum plate by which 
the electric current heaves the w^ater, for every volume of oxygen 
collected at the other plate by which the current enters. The 
weights of the hydrogen and oxygen so set froc^ by electrolysis are 
always in the fix(xl proportion of I to 8, and theur sum is equal to 
the weight of liquid decomposed. The gastvs hydrogen and oxygen 
are entirely dilhutuit in properties from each other and from water. 
The fact tliat distilhu] water is always composed of these two gases 
(jombined in this pro])ortion may be verifu'd by mixing two volumes 
of hydrogen gas with one volume of oxygen above mercury in a 
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glass tube surrounded by a steam jacket. Passing an electric spark 
through the mixture causes an explosion ; the gasc^s combine, giving 
out a great amount of heat, whilst steam or water vapour is formed. 
This steam, on being redact'd to the original prt^ssure and tem- 
perature, occupies two volumes, and is (exactly the same weight as 
the hydrogen and oxygen combined. Moreovtu*, the heat evolved 
in the combination is equivalent to the electric energy spent in the 
electrolysis of water. ^ 

The combination of hydrogen and oxygen to form water is 
represented bj^ the equation 

2 H 2 + O 2 — 2 H 2 O, and heat evolved . . . ( 1 ) 

and means that tvo molecules of hydrogen unitt' with one molecule 
of oxygen to foiiii tw^o molecules of water or steam, and heat is 
generated. Thus 4 parts by w^eight of hydrogen combine with 32 
parts by w^eight of oxygen and form 36 parts i)y weight of stf^am ; 
or, in the same proportion, 1 lb. of hydrogen unites with ^ lb. of 
oxygen to form 9 lb. of steayn. 

Again, the molecular volumes of all perfect gas(\s are equal, and 
Avogadro’s law states that equal volumes of differtmt gases, under 
the same conditions of temperature and prc'ssiire, contain the same 
number of molecules. Therefore the w- eight of unit volume, that is 
the density, is proportional to the molecular weight. Taking 
hydrogen as unit weight, the law^ holds that- the density of 
perfectly gaseous compound is half its moleeailar w^eiglit. The 
density of hydrogen at 0° and 14-7 lb. per sq. in. is nearly equal 
to 0-00559 lb. per cub. ft. 

Hence the weight of a gas in pounds p(‘r cubic foot, at standard 
pressure and temperature, is equal to half its niok^cular weight 
multiplied by 0-00559. For instance, 1 euh ft. of methane (CH 4 ), 
at 0° C. and 14-7 lb. per sq in., weighs 

X () 005r»9 - 00447 lb. 


Equation (1) agrees with experiimuit, wdiich also shows that 
2 volumes of hydrogen burm^d W'ith 1 volumi' of oxygen 3 ields 2 
volumes of water vapour at the same temperature and pressure, so 
that, for complete combustion, 1 cub. ft. of hydrogen requires i cubic 
ft. of oxygen to form 1 cub. ft. of water vapour. 

Again, when solid carbon bums to carbon dioxide, the equation 
C -f O 2 = CO 2 shows that 12 parts by w^eight of carbon combine 
wdth 32 parts by weight of oxygen to form, by complete combustion, 
1 molecule or 44 parts by weight of carbon dioxide. Reducing the 
combining weights in the same proportion, it follows that 1 lb. of 
carbon requires 2 | lb. of oxygen to form 3f lb. of carbon dioxide. 

The oxygen required for the combustion of fu(d is supplied by the 
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air. For the purpose of calculation, atmospheric air, when^pure 
and dry, may be taken as a mixture of 

Por(!pnl. I’ur ( ’ent 

))y tVcip:lit hy 


2:m 20-9 

7ti-9 79 J 


Oxygon 

Nitrogon 


TJiere is alway.s watcu’ vapour in the air, which helps to start the 
chemical action, and part of the heat of combustion evaporates the 
moisture- 

Exporimtmt shows that an inert gas like nitrogen retards com- 
bustion, not only by taking up heat, thereby lowering the tem- 
perature of cornbusti(3n and reducing the velocity of the gaseous 
molecules, but also by jjn^vcuiiing conlat-t b(‘twee!i the molecules 
of the combustible gases with oxygon. Hence an excess of air, 
usually at ^least 1-5 times the theoretical quantity required, is 
drawn through the boiler farna(;c, because the oxygen in the air 
supply does not- get so intimately into contact wdth the combustible 
in the lumps of solid fuel, in ordcu^ to burn the coal perfectly on the 
fire^-grate, as it does with finely divided coal or liquid fuel when 
sprayed . 


One lb. of oxygen is containedin 


100 

23] 


— 4*33 lb. of air, therefore, 


t o find the theoretical weight of air supply for the complete com- 
bustion of lib. of a fuel, th(‘. necessary weight of oxygon is multiplied 
by 4-33. The volume of air may then be obtained, since 1 lb. of 
dry air occupies 13 09 cub. ft. at 15'" C. and 14-7 lb. per sq. in. 

Tuble I shows the theoretical minimum weight of oxygen or air 
required to burn 1 lb. and 1 cub. ft. of (‘ach combustible separately 


TAHLP] I 

( 'Ai.cnurrc A'xctiks or SiutsTANC’JOs and Oxx (Dcn KKQTnRF-iv 
i nu (VuviUUSTlON 



1 lb. 

Substjiiico 
requires : 

erodiicts 

lornnul 

(’alonlio 

Values 

('ub. ft 
ofOxy 
Kcn ro- 
quirt'd 
per 1 
eub ft. 
burned 

Calorific Valiie.s of 

Gua 

Sulist.inro 

with 

Oxygen 

C.U U. 

IHT lb. 

C.H.U.per 
cub. ft. burn’d 

Kibcal. per 
cub. metre 


OxvRPH 

lb. 

Air 

Jb. 

Wat or 
lb. 

CO., 

lb. 

Hitlber 

lamer 

Higher 

Lower 

Higher 

Lower 

U ydrogcii Uj 
(Carbon 0“ 

Carbon Mon- 

8 

■^1 

31 03 ' 
11 -.04 

9 

.IS 

34,. 000 
8,080 

29,000 
8,01 0 

4 

191 

162 

3,055* 

2,555 

oxide CO 

Mai-sh (ias, 


i2-47 


1' 

l',4:i0 

2,392 

1 

190 

188 

3,040 

3,012 

Methano CH* 
Olellant Gas, 

4 

17:1 


n 

13,100 

11,0.00 

0 

091 

r.29 

9,470 

8,464 

Ethyloiici C 2 II 4 


14-84 

If 

3i 

11,900 

11,000 

3 

930 

807 

14,890 

13,880 


Pound-calorie.y(C.ll.TI.) 1-8 B.Tli.U. 

Kilo-calonos per cubic* iiuitrc^ \ 0-1124 — R.Th.IT, per cubic foot. 
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aple 1. The analysis by weight of petroleum is 86 per cent of carbon 
and 14 per cent of liydrogen ; i*alculate the quantity of air required for the 
complete combustion of 1 lb. of tin's oil fuel. 

Given 1 lb. of the oil consists of 0-86 lb. of carbon, and 0-14 lb 
of hydrogen, from Table I, the mininiiim weight of air required is 

0-86 X 11-54 + 0-14 X 34-63 = 9-92 + 4-85 = 14-77 lb. 

If the air is at 15° C. and atll^osph(^^ic pressure, its volume will bo 
14-77 X 13-09, or 193 cub. ft. 

Quantity of Air Required for the Complete Combustion of Gaseous 
Fuel. Tn the case of gaseous fuel the volume of oxygen required 
for its complete combustion is calculated from the chemical equa- 
tions, and the cubic feet of oxygen multiplied by =4*785 gives 
the cubic feet of air necessary. 

Example 2. A coal gas iias tli(‘ following pcrct'iilagf' analysks by volume ; 
Hydrogen, 46; mothaiK*, 36-5; t'lhylcno. 2-53; It'trylcnc, 1-27; carbon 
monoxide, 7 5 ; nitrogt'ii, 1-2 ; and \^'a.ier vajtoiir, 2. 

Calcula 1 «e («) the. mmimuni amount of air rcquinul ft)f the complete com- 
bustion of the gas ; {h) tln' contrachon that tak(‘s plaet' on comV^ustion when 
the products arc Tvsluced to tlu' saiiu' pivKsurt* and l(‘mjn'Tntiire, Mithont 
condensalion of wab'r va])onr. 

Taking each combustible constitiuuit in 1 cub. ft. of the gas burnt 
separately — 

{\) J-iydrogen. 2H, ! (), - 2H.O 
i.e. 2 cub ft. n f 1 enh. ft. O form 2 eub id Water vaiioiir 
0-46 „ ,, + 0 23 „ „ ,, 0-46 

(2) Methane. CIT, ^ 20, CO, i 2H,0 
i.e. Icub. ft. OH 4 j 2 eid). ft. O form lenlifl.CO, 2enl)ft 11,0 

0*395 ,, ,, I- 0 79 ‘M)r> ,, ,, ! 0'79 

i:^) Ethylene. 1 30, 2CO, j 211,0 

i.e. 1 eiib it. C 0 H 4 1-3 eid). ft. () form 2 eid). 11 (!0, 1 3 ,, ,, 

0 0253 ,, ,, ! -0759 ,, „ „ -0506 „ „ 1 0506 ,, 


( 4 ) Tetryhne. -\ 60 , --- 400 ., + 411,0 

o. 1 cub ft.C^Hg + Ociib.Et.O form 4 nil). [1.(3), d- 4 cub. ft. HjO 
■.0 0127., „ f-0762 „ „ „ 0 0.50.S.„ „ f 0 0508 „ 

(5) Carbon MunoJi:idc. 2(3) { O, — 2(X)2 

e. 2 eub. ft. C3) 1 cub. ft. O form 2 eub. ft. CO, 

O’O < 5 I, ,, ^1“ 0'(t.}/5 ,, O'O o5 ,, 
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Arranging these figures in a table, we get 


Con- 

stituents 

in 

Coal 

Cas 


Volume of 
(las in 
1 cuh. ft. of 
Coal Cas 


^'olum^' of 
Oxygen 
roijuin'fl by 
('ach 

Constituenl 


VoluiiK' of Pi'oducts 
ot C'oinbusliou 




c'ub. a. 

(^nb. ft. 

(\ih. it 


()-4(i 

0 2:i 

0 l() 


(’114 

•:uir) 

■79 

-79 

0-;i95 

i\n, 

■025:i 

0759 

-0.700 

■0.50() 


■0127 

■07t»2 

0508 

050 S 

('() 

075 

■o:i75 


■075 

N.. 

■012 




]].() 

■020 


0200 


'Colal 

1-000 

l-209() 

1 :wi4 1 

057 14 


1-9548 


(a) Sinct* 1’209G c ub, ft . of oxyg(‘ii are. required for cximbustion, 
th(^ air nec(‘ssary to .sup])ly this volume of oxygcni is 

100 

20-9 


1*209() = 5-787 eub.fi. air. 


(b) This air eoutains 5-787 - 1-209() — 4-577 cub. fi. of nitrogen, 
which apparently retards combustion and is added to the burnt 
])roduels, making a total ot 1-955 f- 4-577 — (>‘532 cub. ft. 

A mixture of 1 cub. ft. of coal gas and 5-787 cub. ft. of aii- becomes 
after complete combustion 0-532 cub. ft., consisting of water vapour, 
earlion dioxid(‘, and nitrogcm reducc-d to tlie same temperature and 
])ressure. Hence the contraction in volume during combustion is 

0-787 - 0-532 -- 0-255 cub. ft., or 
X 100 :b76 per cent. 

In a gas engine, for ('Itic-iency in working, tliere is always an 
(‘xeess of air, in the ratio of about 9 (mb. ft. of air to 1 cub. ft. of 
coal gas, making tlu^ eharg(? 10 cub. ft., and this mixture has added 
to it 2 cub. ft. of residual ])ro(iucts from the previous charge in the 
engini^ cylinder, hencic^ tht‘. total volume would be 12 cub. ft. before 
combustion, bocomuig, witli the same contraction, 1 1 -745 cub. ft. 

0-255 

after combustion, which will now be — X 100, or 2-125 per cent. 

12 


Example 3. The aiialy.sis bv weiplii of coal is V, 80 per cent ; Hj, 5 per 
cciU ; H, 0-5 ])Hr cc^nt. (\\lciilate the tbeorctical fpuinlity of air necosRary 
tor the comjijf'to coni hast mu of I lb. of Ihc coal. II :!() lb. of air are supplied 
l)er ]ioiiud of coal, and the cuiubusiiou is eomph-te, ('stiinate the analysis of 
lh(' tine ^as by vvoiglit, 

14 — ( 5434 ) • 



200 


APPLIED TIIEEMODYNAMICS 


By Tabic I, the air required per pound of coal is 
0-8 X 11-54 f 0-05 X 34-63 -|- 0-005 x 4*33 
-- 9-23 H 1-73 f- 0-02 =- 10-98 lb. air. 

Tli(^ ox^^geii needed for the givcni weights of H, and S in 1 lb, 
of coal might have b(‘en ( alculatt^d, and the sum divided by 0-231 lb. 
the oxygen per pound of air. 

Th(‘ total Ax eight of flue gas from 20 lb. of air and tlu^ weight of 
combuHtibl(‘S in 1 lb. of the (‘oal is 20-855 lb. 

The weights of the bunitr products ari'; — ■ 




IJ). 

Pt'r ('('111. 


44 

- OK..- 


- J4 0li 

u.e) 

O-Of) - 

0 to 

2-10 


0005 :( 2 -- 

0-0 1 

U()5 


2(1 a)-7(i‘J 

15 :ts 

- 75 75 

e), (hy difforenct') - 

2 (KS2 

\) J)S 

Tot al 

weijzlif 

2()85.5 

lUO-UO 


To find the ’pcu'ceniages, divide (‘aeb constituent by the total 
weight, gives th(‘ W(dght- of each ifi 1 lb. of the flue gas ; then 
multiply by 100, thus 

"" 20-855 

Conditions for Combustion. Papkl comlnistion, or burning, is 
chemical combinalion of conibustibl(‘ substances with oxygen, 
aceompani(‘d by the evolution of heat, and gcmcu-ally of light. 
When the resulting compound is d(‘CO]ni)osed or split- up into the 
original combustible's, an amount of heat is absoi bi-d, or disappears 
as sensible heat, (*qual to that genera tc^d in forming the compound. 
The actual process of combustion is very complicated, and the 
chemical equations given above' emly re'prese'nt the re'sults. 

A combustible gas combine's comple'.tely with e)xygeii enly when 
(a) the mixture contains the' two gases within j)roper proportions ; 
and (5) the tcinpe'iature* and pressure? of the' mixture are within 
fixed limits. 

As stated above (p. 190), the eleetrejlytic mixture of hydrogen and 
oxygen at 18^^ C. and 14-7 lb. ])e'r sq. in. may be ignited by the 
electric spark, giving an explosion. Sir Humphry Davy showed 
that if the same mixture be reduce?d te) 0-8 lb. per sq. in. at 18° C., 
combustion will not take' place when the sj)ark is passed ; but, 
keeping the mixture at the same lower pressure, it becomes inflam- 
mable whe*n the' tempe'rature is rai.se^d suffieie'ntly. When the 
mixture is heat-e'd up, slow eemibustion juay take plae^e and the 
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mixture heats itself, and its temperature will rise very rapidly until 
flame appears. 

When this electrolytic, or true explosive nn'xinre of liydrogcui and 
oxygen, is fired by adia})atic compression it ignites iil 520® with 
a sharp explosion. 

During the initial period of inllainniation at atmosphc^ric pressure 
the flame is propagated through the mixture with a uniform velocity 
of 20 metres per see. (65-0 ft. per sec.). The early experiments of 
Mallard and Le Ch atelier on the vidocity of flanK'. propagation in 
mixtures of hydrogmi and air, at constant pressure, showed that the 
spread or travtd of flame is most rapid when there is a slight excess 
of the inflammable gas in the mixture. 1'hus the mixture 1 volume 
of hydrog(‘n to 2-5 voIuiik^s of aij- (‘ontains the proportion of oxygen 
for complete combustion, and the velocity of the flame was 11-5 ft. 
per sec. ; Avhile with (‘xe(‘ss of hydrogen 1 volume to 1‘5 of air, the 
maximum v(‘locity 14-4 ft. per se.c. was attained ; but with greater 
excess, as in a mixtun^ consisting of (‘tpjal volumes of hydrogen and 
air, the velocity of flame propagation was r(‘duc(‘d to 12-4 ft. per sec. 
J)r. Neumann, of .Dresden, has show'ii that mixture's of petrol 
vapour and air in the proportion of 1 to 12 gave the maximum 
velocity of flame propagation, while; the ])roportign for complete 
combustion is about 1 to 15. 

IMie (effects of differtmt methods of liring upon the ratt^ of com- 
bustion in the case (;f solids W(‘.r(^ strikingly shown by Sir Fri'derick 
Al)el vuth gun-cotton. A train of gun-cotton, laid loosefly on a 
table open to the air, when ignited by a flame, burns rapidly and 
harml(\ssly without ex])losion. When laid in the same way, the 
gui^-cotton, fired by a percussion di'tonator to produce a high initial 
pressure* or shock, giv(‘S a most viokuit explosion, du(^ to the instan- 
taneous change of the solid into the gaseous state. 

Explosion Wave. Berthelot discovered whc‘n detonation is set up 
in the electrolytic, juixture of hydrogen and oxygen in a closed tube, 
fired by an electric spark and a gi'ain of fulminate, the shock and 
ignition with combustion a,re transmitted through the wfliole gaseous 
mixture by an explosion vmm of adiabatic compression at a velocity 
of 2,820 metres per sec. Each layer is compressed before being 
fired, and then compresses the next layer. It has been proved, by 
cclljecting the residual gas and exploding it, that the combustion 
at the highest temperature in th(^ wave front is not wholly complete. 
The vc^loeity depends on the nature of the mixture. The rate of 
explosion is retarded by inert gases like nitrogen, according to their 
volume and density, which, when present in (excess, may stop 
detonation. 

Professor H. B. Dixon confirmed these results* for various gaseous 
mixtures, and showed that in the explosion of a volatile carbon 
compound with oxygen, thc^ carbon burns first to carbonic oxide, 
* Phil. Trans. Hotj. Nor., Vol. 1S4 (IHOIt) ; tiiid Phil. January, 1899. 
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and afterwards, if oxyg(^n is present in excess, the carbonic oxide 
first formed burns to carbonic acid. 

The explosion wave is not easilj^ produced in the gas engine 
cylindiT. The sudden l)low or shock by ('xplosion of petroleum 
vapour, known as pinking” in the jietrol engine, at liigh tem- 
peratur(‘ has m-arly tlu^ tii(^ saiiu^ (‘ffeet, and is callcKl dc^tonation.” 
Yet the ordinary propagation^ of inliamination is quite different 
from the^ d(d,onation of gun-cotton, dynamite, (dc., for which the 
speed of detonation, obsc^rved ])y Abel, also iiicn^ases with the 
density of the cliarge. 

The ignition point of an exj)Iosiv(i gascnius mixtnn' is that tem- 
perature to which it must be raised locally so that thi^ flame spreads 
throughout tlu; wliole inixt ur(\ 

Professor H. B. Dixon and H. h\ (V>ward heati'd the (combustible 
gases and oxygcui, or air, separatedy to tlie ignition tcaupcTature 
b(d'or(‘ thtc stneams of gas and oxygem, or air, vcrc^ alloqc'd to mix, 
and found the tbllowing ignition raug(‘S - 




ICNITION 1 




( las. 

I H (> nfi/( n 

In 

Air 

Hydro^i'ii 


oSO' 

’ 500 ' 

5 SO' 

' 500 

(■arhoii iM()ii(j\i(l( 

* (Moist ) 

():{7 

' ()5S ' 

(U4 

()5S ' 

Alrllmiit* 

551)' 

’ 700 ' 

050' 

'-75tr^ 

lOtliyh'iK* 


. 500' 

' 570' 

512 

5-17" 

AcetylciK* 


. 4 Hi' 

’ UO ' 

400^ 

' 140'' 


f 

Professor Dixon found that carbon monoxide will not combine 
with oxygen unless a traca* of moistunc is presemt to start the action, 
although it ialces no part in lh(‘ eomhination. Professor Balan* 
showted that a mixture (jf hydr’ogen and oxygen irr th(c pr(‘sence of 
water would not c‘xplod(‘ without a trace* of impurity in the water ; 
and charcoal would not burn unl(\ss a trae(^ of water vapour were 
present. 

Each eomhustihhc gas or vapour has a wedl-dtdiru'd ra)ige of 
inflammability , when mixed vitli air, wliich varans acecording to the 
nature of the hydrocarbons as well as to the temjxjrature and 
pressure of tin* mixture, ('omhustion ci^ise^s Avhen a certain excess 
of (dtlier gas is addeal to the (explosive mixture ; thus 9 volurnces in 
excess of oxygen or 8 volumes in (‘xeess of hydrogen, added to the 
(dectrolytic mixture, rendeer it norr-inflammabk*, and tlue only portion 
of hydrogen burned is that lying in the path of the_el(ec trace spark ; 
but on raising the temperature* of the mew mixture to a certain point, 
it may be ignited by tht* electric spark. Hencce a mixture of 
hydrog(‘n and oxygen which will not combine at the* ordinary 
atmospheric b'Tupcrature and jiressurc* may Ire mack^ to do so by 
increasing either the pressure or t(‘jriperatiire up to certain definite 
limits, to be d(*termined by experiment. 

The addition of (excess of an inert gas like nitrogeen to the elcctro- 
l3d>ic mixture of 2 volumes Hg to I of Og also ret-ards combustion. 
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Th(i same effec-t is produeed by the presence of an exc'-ess of the 
ool(‘d burnt ])rQducts of a gaseous ex})losive mixture. In this way 
the rate of combustion in the engine cylinder is under control by ; 
(1) eluiiiging the proportion of air to gas in order to determine by 
experiment the most economical mixture foi’ an luigine working at 
a given compression and speed ; (2) increasing the compression of 
the charge beforci ignition, depending upon the nature of the fuel, 
and enabling \v(‘ak or dilute mixture's to be burned rapidly and 
completely ; (3) tlie time', anel jne'tlu)el ejf tiring the', compressed 

e harge in the', cylinder' ; (4) the shape or de'sign of the* ce)ml3Ustion 
chamber ; (5) the temperature of the wate'.r jacket and the cooling 
action of cylinder walls. 

Pre)fe‘sse)r W. A. Bone femnd in his rese^arehes* upon the behaviour 
e)f hydrocarbons, that theur combustion is a complex process, 
involving slow ceunbustion at tempe'rature^s below the ignitiem point, 
anel that tlicre^ aie eU'arly eledined stages e)f successive e)xidation. 
Tlius, during tins slow ee)mbustie)n, the me)st stabler hydrocarbon, 
ine'thane^ i'^ oxieli/Axl at te^mpe'.raturcs l)e'i.we'.em 400"’ and 

500° 0., we'll helow its ignition point. In tlie initial stage methyl- 
alcohol is feu'JiK'el, which breaks up into steam mid formaMehyde in 
the^ se(*e)nd stage. The fe)rmaldehyder is subseHpiemtly e.)xidized to 
formic acid (stage 3), whieli may partly break up inte) t'O and H2(), 
te) thc! unstable carbonic acid (stage 4), Avhieh at emee re'ssults in 
and II2O. At t-emj)eratures abe)vei tlie ignition point, the 
formaldehyde (stage* 2) is se) ra})idly e’hange^d by heat into (JO and H, 
lliat in tlu' linal stagers of the jiroee'ss tlie'se gase's are probably 
e)xieliz(‘d inde'])ende‘ntly. 

This vif'w is suiijiorted f)v the; presence of foniialelchyde', found in 
the' e;ond<‘ns(‘d ste'.am from the e'xhaust gases of petrol and oil 
e'ligine's. Also, the “surface etfe'Ct ’ in the slow dece imposition of 
methane;, aceejreling to Die' re've'rsible reaction CH4 (J + 2H2 
between 800° and 1200° (^, e*xplains tlie formation of that very 
hard, lustrous, blae-k earbeni “ medhaiie carbon,” deposited on the 
vapoj'izers of some oil e'ligines. 

The term Fuel is a})plic;d to any combustible wliich is sufficiently 
abundant, and by its cojiibustiem with oxy gen ge;nerates heat eiuirgy 
lapidly, at a ceist. low' enough tei be useel feir industrial purposes. 
The fuels mostly in common use are wood, peat, coal, petroleum 
and gas. Of these, coal is still the. chief and cheapest, notwith- 
standing the enormous waste* of the gi’eat stores of energy accumu- 
latc'd by Nature in the eoallic'lds. 

Solid fiK'l is formed by the slow decomposition of WT)od and 
d('cay(*d vc'gc'table debris burk'd in the; earth for long ages, exposed 
to great pressure and the inti'rnal heat of the earth. In peat bogs 
this long transformation process from wood to anthracite is seen 
to begin with decayed marsh plants and mosses as spongy peat 
* Journ. Chon. (190S), p. 1107 ; and Papers during lOOft-O. 
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near the surface, gradually converted into black dense peat at the 
bottom of deep bogs. 

Lignite, of Avoody fibrous structure, intermediate between peat and 
true coal, is found in the tertiary formation of a more recent period 
than the carboniferous, in which coal occurs. Lignites vary from 
earthy brown and friable, to " black, contain 50 to 70 per cent 
carbon, 20 to 28 per cent oxygcui, and up to 80 per cent moisture. 

Bituminous coals are chiefly derived from sigillaroid trees, gigantic 
ferns, the debris of primeval fonvsts ; whilst the structure of cannel 
coal, with sport', -cases of Lepidode/ndra, ])oint to its origin from 
vegetable mud and club mosst's. Bituminous, or “ flaming ” coal 
yields 80 to 40 per ct'ut volatile: matter, iiiul burns with a long 
smoky flame. Bituminous t'aking coals soflt'n when ht'attid, and 
on distillation in cokt^ oxt'iis a-t high lempt'ratun's, ILlo^ Burham 
'' coking coal,” yield strong cokt', us(^d in blast furnact's. 

Cannel or parrot coal, anti ofht'r gas coals, contain to 40 per 
ct'iit volatile, matter, are chiefly used in tin? maiiufaetuvt! of coal 
gas, and yic'ld about 12,000 cub. ft. of gas ])('r ton by high t('m])era- 
turt' carbonization to 1 100° 0., and eokt*, wbilen aphllialent', Ix'iizole, 
toluol, and other products are, obtained from tlu' gas tar or oil. 

In laboratory tests th(‘ ])roducts obtaiiK^l by the low temperature 
distillation, u]) to 500° or 600° of Yorkshire canmd coal and 
British bituminous coals are crude' oil, yu'lding on fractionafion 
10 to 15 per cent of their veight of motoi spirit, and find oil, with 
3,000 to 4,000 (;ub. ft of rich gas ; but )S(*otch and othi'r t;annels 
yield only from 20 to 40 gallons of crude oil f)er ton by low L'lnpera- 
ture carbonization. Aft(^r distilling off this volatile rnatti'r from 
the coal, there remains about 70 per amt of the coal as a valuable 
semi-coke, smokeless in its combustion. 

Free burning, non-caking bituminous coals are suit able for making 
]\Iond gas, but are likedy to give troubh', in gas jiroducers owing to 
the tar formed, unless sjieciaJ precautions are taken to convert the 
tar into fixed gas or to burn it. 

The S(‘mi -bituminous stexim coals yield 15 to 20 per cent volatile 
matter, and burn with short, practically smoktdt^ss, flame. 

Anthracites contain 85 to f)3 jwr cent c;arbon, about 8 to 15 per 
(lent volatih'. mattc'r, art' non-caking, and burn with a short non- 
luminous flame. Anthracite and non-caking coals are suitable for 
small power gas producers, bt'cause the gas is practktally tree from 
tar and ihere is littlc' clinkering trouble. 

Anthracite a])p('ars lo be formed from* bituminous coal by heat 
in the earth’s crust. 

Spontaneous Heating. Kn'shJy-eut hituminous coals lose occluded 
gases (as methane, (*tc.), an^ liable to absoid) moistur(\ and slowly 
combine with oxygeii from tlu* ah, favour(*d by finen(*,ss of division 
of the eoal, and d(d('i'ioratv 1 to 3 per cent in (*alorific value 
and coking i)roperties during the first three weeks after removal 
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from iho pit. This slow oxidation in heaps of eoal dust increases 
rapidly with risti of tc^niporaturc, and may eventually give rise 
to spontaneous ignition in the pile, by the cumulative heating 
effect, as “ gob tires ” in mines. 

In largo piles of gas coals, part being broken into fine powder, 
when the temperature is about 150° C., ih(‘. rate of oxidation or slow 
combustion acceh^rates until the ignition point between 350° and 
400° C. is attained. 


TAI5LK IJ 

( 'OMI’OSITION AND ( LnUri'IC V'mJIJ': OI' S(H,ID Fl'KLS 





llllinijilu Anal 

I’t'H I’ll 1^1 jii; 

OhsfMvod Jfii^liur 

Full 

Wati'i 

Cai- 

1k)ii 

Hy- 
dro licn 

Nilro- 

K‘‘il 

Snl- 

plnir 

J 

Ash 

()\\fr.*n 
1)V dil- 

Ipronui; 



ti.Jl.C. 
por 11) 

Ji.Th.U. 
J)tT It). 

■ 

Woofl (Onliiiiu'.v) . 

'IH <» 

:;() 4 

4‘(3 

O-J 


0 5 

21) -5 

3,310 

5,000 

Wo«)d d^ried) 

(rO 

47 1 

.5 -(5 



0 3 

311 8 

4,480 

8,000 

T'eal (Pool) 


40 8 

3 3 



7 7 

2(3 3 

3,771) 

0,790 

I’cat (Air-(li'U'<l) 

(5 1 

rui 2 

5 



0 1) 

34 2 

5,100 

0,880 

Lmiiitu (I)ri('il) 


(58 1 

5 75 


(I- 1 


17 8 

(1,540 

1 1,770 

Caimul Coal, Wiuaii 

0 (i 

78 4 

5 1 



10 0 

5 1 

7, 7(5(1 

1 3,070 

('annul Coni, S«'oli‘li 

4 0 

7rrl 

(» IS 

1*28 

2 IS 

2 24 

8-72 

7,500 

13,500 

Dnrli’ni CakinKl’oal 

J 14 

84 .51 

r, A 

1.73 

(4 78 

2 -1 2 

4 20 

8,300 

1 4,040 

Voik.s. Cakinii Coal 

o. ) 

84 1 

4 1)3 

l-()7 

n-r)5 

1-2 

5 35 

7,420 

13,300 

Mu\vc/k‘ Sluain Coal 

T 2 

81 :i 

r> 2, 

1 .5 

1 2 

3 a 

8 0 

8,1(50 

1 4,(500 

Durh’TU Strain Coal 

(1 H 

81 o 

4 (5 

0-1) 

1 2 

5 5 

5 1 

7,070 

14,350 

Wol.sli Strain Coal . 


83-8 

4 8 

1 0 

1-4 

4 1) 

41 

8,051) 

14,400 

Nixon’s Navipilion 










Steani Coal 

1 0 

87 .8 

1 1 



.) > 

5 0 

8,580 

15,440 

Slack Coal (Mid ) . 

7 

(37 H 

4!) 

1 3 

1 .5 

7 ii 

13 7 

7,220 

13,000 

Small Coal (Mnl ) - 

S 0 

(32-7 

rro 

1-3 

1-5 

10-4 

10-5 

(5,700 

12,220 

Wokh Anthracitu 


1)1-5 

:5 5 

0 8 

O-H 

Id) 

2 (5 

8,4(50 

15,220 

Uiito (Dru'd) 


87*5 

a 3 


O-T 


3 5 

8,140 

14,650 

Aii^r, Anthnicilii . 

[{ 4 

8(3- 1 

2-0 



5 1) 

2 2 

7,480 

13,470 

Vdfkslurf Cokr 

4 H 

88-1 

1 i 

Id) 

0 35 

1-7 

1'75 

7,000 

13,680 


Table II shows the ineri'ase of carbon content in coals fronf* 
lignite to anthracite. 

Coal is a very complex material, and its composition for industrial 
])urposes is usually given in two ways — 

(1) By proxinmlc. aiialysis, first heating the powdm’ed sample a 
little over 100° C., wiieii tli(^ moisture is driv^en off and “ dry coal 
is l(t 1 . The dry eoal is heated in a closed crucible without air being 
admitted at 500° to 000° (J., and the volatile combustibles which 
ciscape are burned, leaving a combustible residue of fixed carbon 
or coke. When the coke; is completely burned in air, only ash 
remains. 

(2) By ultimate analysis , giving thi^ ptM'eentages by weight of 
moisture, carbon, hydrogen, nitrogen, and sul])hur in a powdered 
samide. 

The carbon and hydrogen are found by burning a weighed quantity 
of dry coal in a hard glass combustion tube in a current of dry 
oxygen, the water and carbon dioxide formed are absorbed by 
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dehydrated c*a](*iinn cJdoride and an aqueous solution ol caustic 
potash respcH'livcd} . 

Th(* iiiirogen eaji b(‘ found as aimnonia by lieatinji; the eoal to 
i'edn(\ss or burning it in a current of steam. The sulphur is deter- 
mined sc^parately, fhe ask addend to the sum of th(‘se elementary 
constituemts, and the amount short of 100 is usually retunu’id as 
" oxygen by diflerimee,” and irta.\ also t'ove^r (UTors in the analysis. 

Th(^ combustion of coal is a e.om])lieated interaction, and thc'- 
products of complt^te condmstion an^ (*(.>2 from the carboji, HgO 
from ]iydrog(‘n, arid SO,, from the sulphur. Carbon jnoiioxide 
slioM's incomph'te combustion of tlie caibon. 

In a boiler fuj’nac(' the volatile hydrottarbons i\rv. tirst drivcui otT 
the coal, and the oxygim for tlieir coiubustion is supydied by air 
admitted ov(u* the top of the fmd bed. The solid cailxm or cok(^ 
left is burnt })y the air draun through the fu(‘l bed. It ap])f‘ars 
from experinuaits that, in burning bituminous ( oal, the fuel b(^d in 
a steam boilcT need not b(‘ mor(‘ than bin. thitk, with c'areful 
stoking. About half tin* oxyg(‘n |■('quired for tlu‘ complete', com- 
bustion of the coal is usc'd up within tin* low('r 4 in. of the fuel bt*d, 
the other half of the air sii])])ly. prdc'rably heated, passes at high 
velocity ov(‘r th(i fuel to mingle with and burn the volatile matbu’. 
'^riie highest bmiperatuix', 1.2(10^ to l.bOO'^C, (h'petiding on the 
firaught, is usually found about ,‘1 to o iji. above' th(‘ grate', iji 
incri'ase in the' draught inere'ase's the* I'ate' of (‘e)mbustion and tne^ 
supply e)f air, wliich is usually 1-5 to tuieM' the' the'ore'tical quantity. 
Large' exe-ess of ce.)l(l air te'iiels to e'ool down the* interacting gas(*s, 
re’tards ce)mbustion, and give's a low pc'rce'ntagc of (U)o in the* tfiie^ gas. 

Calculation of the Air Supply from an Analysis of the Flue Cas 
and an Analysis of the Fuel. The flue gas analysis liy vohime is 
coiiveniently made^ l»y me-ans e»f the* Orsat apparatus. A gejod 
average sample!, 100 c.c. eef tlie.* gas, is colle'e teel ove'r me'i'cury in an 
eiidionu'te'r, the steam forme'd by the* e ojidnistion ejf the hydrogen 
in the fue'l condense's to wate-r, and the' dry ilue' gas consists of 
CO 2 . (T), and Jiitroge'ji. I'lit'se' an! sncce'ssivily absorbed by 
re'agemts hi seqiarate*. flasks The' (‘0^ is absorlx'd by an aqueous 
sejlution of caustic jiotasli, the! oxyge'ii by an alkaline! solution of 
])yrogallic aciel or, more slowd}', by sticks of phosydiorus, and the 
C'O by an acid solution e»f cuprous (‘hleuide, and the re'inainder is 
assumed to be mtrejge*n. 

Them, te) eakailate' tlie irrighf of e'aeli e-onstit ue'ut ])(!r j)ouud e)f 
carbem in the Hue' gas, the proyieational weights aj’e! found from 
the mole'cular w(*ights. A mole*eule‘ of COo contains 44 ]jarts by 
weight; i.e. 12 of carbon and ^12 of oxygen ; L() eontains 28 yiarts 
by weight ; i.e. 12 of e arboii and 10 of oxygc'n. 

Example 4. 'I’Ik* fliu* mi.s u.mmIn.'-is l»y iu ii. brjilcT Inal was ('Oo, 

lU ■) p<M- cfnt ; CO, \ prr (-.-nl ; S pVr vvul , X „ SU f) ja'i- ce-jil ; ami thfi 
coal aiialvs^,'^, a.s buinod, was C, S:! por cent; it^, {-'1 jh't cejil ; Oa* 4-8 per 
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cent ; otli(*r mattor, 0 por t'Oiil... Calciilato the followinj^ itemfl in the heat 
halaiiei'i per pound of coal, tJie rise in terriperaluro ni llio Hue gayos heing 
:R)()° U.-- - 

(r/,) Floai carried by producly of combustion, average specific heat, 0-24. 

{b) Heat carried by excess air, average specific heal, 0 2375. 

(c) Heat lost by inconifilete combustion. 

(Vilorifie value of ] lb. carbon : when burned to C'Ojj, 8080 C.H.L'. ; burned 
to t'O, 2413 (\H.U, (f bi.., IS.Sr. {Eh'j.).) 


Th('. quantity of air drawn through th(‘, furnat'o jan* pound of fu(‘l 
may b(‘ dotf:rinin(‘(l with fair accuracy from th(‘- total weight of the 
burnt products, and th(‘ carbon contimt in these when Die ultiniato 
analysis of the fuel is given. In this ('xample the volumetric 
analysis gives the jiroifortionai Aveights— 


lb. II). 

('OJOT) 14 Ki2, conlains 10 5 12 - 120 C'., and lO 5 . 32 330 0, 

Vi) 1-0 2S 2S „ I 12 12 „ 1 10 10 O 2 

O, S 32 2r»(i „ 250 O 2 

80 5 28 2251 


'rolid weight 3000 fliii' gjiseontains I 38 (' , 2h7411). Nj and (iOH O, 
1 D). ol eai bdii IS ('ontanu'd in 3UU0 ,'I 38 2 1-7 1 1b of dry fine gas. 


IS 


Kruiii the fuel analysis, vith every pound of carbon burnt, there 
•042 


•K2 


-- 0-0512 11). of H ^^lneh forms 0 X 0-0512 =:= 0-4()l lb. of 


slt^aiii. Henc(\ the total u eight of flue gas per pound of carbon 
burnt is 21-74 + 0-4(il -- 22-2 lb. 

yhe weight of eoinbuslibl(*s burnt to form this flue gas is 1 lb. 
carbon | 0 05 12 lb. of 14^, also the oxygen of the coal in the products 


of com bust ion ])ei' pound of carbon is 


0-041S 

0-82 


■0585, making the 


total 11 ] lb. Kciu’i‘ the air supply, draAMi through the furnace, 
per ])ourid of carbon in tlu'. flue gas is 22-2 - 1-11 — 21 09 lb. And, 
by the analysis, 1 Ih. of coal burnt has 0-82 lb. of carbon ; therefore, 
thc‘ W(ight of air supplied ])er pound of coal burnt is 21-09 X 0-82 
-- 17-294 lb. 


Again, tin* minimum weight of oxygen lU'eded for complete com- 
bustion of the coal is — 

(' 0-82 lb. laki's 0*s2 X 7 2-187 lb. of oxygen 

//, O-U‘42 „ 0-0 42 . S 0-330 ,, 

d’olal oxygen riMpui-ed 2-523 11). 

And till' coiil itself sn])[)lics O.^ = 0-048 ,, 


Oxygen to bo siijiplied by llie air 


- 2 475 lb. 
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Air contains 23-1 per cent by weight of oxygen, hence the 
minimum weight of air needed for complete combustion is 


^75 

()-231 


10-714 lb. 


Therefore the exce^^s air drawn through the furnace is 
17-294 - 10-714= 6-58 it. per lb. of coal burnt. 

Now the j)roducls of combustion consist of the air supplied, with 
the weights of coiribustibles and oxygen in the fuel. The coal 
furnishes 0*82 -|- -042 + 0 048 = 0-91 lb. Hence the total products 
of combustion = 17-294 ’|- 0-91 = 18-2 lb. per lb. of coal burnt. 

(a) Heat carried away by theses gases 

= 18-2 X 0-24 X 300" = 1310C^H.1T. 

(ft) Heat carried away by ex(H\ss air [ 

= 6-58 X *2375 x 300^ = 469 O H. LI. 


(c) Incomplete combustion of carbon, 

1 lb. carbon biii’iied to CX >2 evolves 8080 C.H.U. 
lib. „ „ CO „ 2413 C.H.U. 

/. 1 lb. carbon in CO burned to CO 2 mu.st give 5667 C.H.U. p 

which is lost when th(‘ combustion is incomplet(^ The pro})ortion 
by weight of carbon in 10-5 parts l)y volume of CO 2 is 

12 

X 77 X 44 = 126 parts ; 

44 ^ * 

and the carbon in 1 part by volume of CO is 12 pai'ts by weight. 
Thus the total proportional weight of carbon in the furnace gas is 
126 + 12 = 138 parts, and the proportion of carbon burned to 
12 

CO is . The heat lost or not i)roduced in CO per lb. of carbon 
I08 12 

in dry flue gas = 5667 X C.H.U., and since 1 lb. of coal contains 

1 08 

0-82 lb. carbon, the heat lost by incomplete combustion ijcr pound of 
coal burned is 

1 2 

0-82 X , ^ X 5667 = 404 C.H.U. Amwrr. 

Formulae for approximate estimate of the weight of air supplied 
per pound of fuel burned — 

(1) Given the volumetric analysis of dry flue gas, and C per cent 
by weight of carbon in the fuel ISince air consists of about 77 per 
cent by weight of nitrogen, N j)att.s by weight of nitrogen are 

contained in 28 X X N parts by weight of air. 

• * • 
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The proportional weights, as above, are found by multiplying the 
volumes by the molecular weights in 100 parts of flue gas, and the 
ratio of air to carbon is 


N X X 28 


X X 44'^ -1 IcO X X 28 j 


and ,sinc(^ 1 lb. of the fuel contains lb. of carbon, jnultiply tho 


C 


ratio of air to carbon by , fiojii v^1lich the weight of air per i^ound 
of fuel burned is nearly 
iV 


33(CO, + COj 
In (‘xainple 4, this gives 


X C lb. 


. ( 1 ) 


80-5 


33 X 11-5 


< 82 17-39 lb. of air. 


(2) When the 'pcrccntagv-s of t’Oo, CO, and N in tlu^ flue gases are 
giv(‘.n by weighty N pari s of nitrogen are e.ontained in X N parts 
by weight of air ; and in 100 parts by weight of flue gases there are 




12 

44 


+ 00 X 5 ^ ) paj'ts of carbon. 


Then the ratio of air to carbon is 

100 


77 




X + ^CO X 


and 1 lb. of fuel eoiitains — - parts of carbon. 

100 


Hence, to find the weight of air supplied p(‘r pound of fuel burned, 

C 

multiply the ratio of air to carbon by — , and the expression 
becomes 


N 

21 CO., 1- 33 CO 


X Clb. 


( 2 ) 


Usually the value of N is not directly detormiiu^d from the flue 
gases, and is only given by difference, including errors, of the 
analysis ; also small cpiantities of ammonia formed from the nitrogen 
of the fuel may be decomposed. 
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Example 5. Jn a Intil of a Liiiic.a«liiiii boilor with economizer, the followin^i 
results were o()taine(h- - 

\'oluiiiet no iuiul^'ses of 1 lie (liie leases on onU‘rin|^ and leaving the economizer. 



Enh’nmj 

Lvnruuf 

C'O, . 

S-li 

U 2 

('()“ . 

(►■4 

()■:{ 

() 

11-2 

i:j-7 

X . 

S() L 

70-S 

Tolul 

100 0 

100 0 


'JV'iiiperaliin' of flin' ^ases on eiilerin*^ and Iea\ in^ tlie economizer. 642'^’’ 
and V. 'ronipc'ratnn'S of f(‘ed water on entenniz and h'avinLi; the ei'ono- 

inizer, 1114° K. ami 2^14 " F. VN^n^jlit of feed n alm* per lioiir, 7dl70lh. ; wi’ij^ht 
of coal stoked per lioiir, 1.000 lb, JVi ])oniid of dry fiK’l stoked, the carbon 
burned A>'as 0-7135 11>., and the wmeht of tlie line gasi's, Jiiehidi^i^ moisture, 
entering tlie economizm' was found to Ik- 21 5 11). 'J'lie a\'(‘ragc s[K'edie heat 
of the gas may be taUen as 0-25. 

C!aloulate )ier pound of lui-l sl(»l<(‘d : (</) 4’h(' air leakage into thi* eeonomi/.er ; 
(fj) till' lu-at lost l)y the gases in jiassmg througli the (‘(“onomizi'r ; (r) tJie heat 
gained by the fi-ed w'.iti'r. (1 Jy., [Kjuj.) ) 


(a) Bv (I) (p. -0!)), total air lea^ijig Hit* ecoiiomi/A'r por poiintl 
of fuel A 

8:{(()-2 + o :^) ' "" 2/-.U11). 

Total weight of gastts heaving economizer pvr pouiul of fuel 


27-34 + 1 2S ;34 lb. 
Henet^, air leakagi' into the eeoiiomiz(*r 
- 28-34 -21-5 -- ()-841b. 


Jdeat lost liy 21-5 lb. 

21-5 / 0-25 (042 ’- 335 ) 1050 B.Th.r 


(c) F(‘e(l waUd' ])er ])oiiTid ut fiu'l 
7370/1000 7-37 lb. 

heat gained by the f(‘ed w'at(*r 

7-37 (234"- 134°) -- 737 B.Th.l'. per lb. of coal. 


Natural Draught in a chimney is prodiua-d by the dilTereuee of 
weight betwdion the column of hot gas inside a chimney and a column 
of the sanu^ heiglit of cold air outside. The drought is jnt^asun^d by 
the difference in Indght or head in inches of water in a U-shaxJcd 
water gauge, one limb of wliieh is connected to a tube inserted at 
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the chimnoy base and acted on by the pressure of the hot gas, and 
the other limb is open to the atmos])h(‘ri(; pressure in the boiler 
house outside the ash-pit or biilow the fire-grate. 

A column of water 1 sq. ft. in (Toss-scetion and 1 in. high is 


“ cub. ft., which, at 17° C., weighs slightly less than 62-4 X-—, or 

1 1a 

5-2 lb. A draught of I in. head of watfT corresponds to a pressure 
of 5*2 lb. per sq. ft. If th(^ moan temperature of gas in the chimney 
is 290° ( 5 , and the air outside is 17° (J., what height h ft. of chimney 
1 sq. ft in section will ])ro(luce a draught (‘qual to the pressure of 
1 in. of wat(u‘ ^ 

Hie diffi^renc(‘< in weight of a column h cub. ft. of air at 2f)0° and 
17° C. is ()’08()8A lb., which must bi^ equal to 5-2 lb., or 




5-2 

■0:U)S 


141 ft. 


Tak(^ the air jwc'ssiirc plh. pvr s(j.ft. ju^ar tlu' boiler below the 
hre-grate, and yq lb. ])i‘r sq.ft. pr(\ssure of the Hue gas, inside the 
chimney at its basc^. 

Since a head or dilh'renci^ of hwel of 1 in. water column indicates 
a pn^ssuni of 5 ‘2 lb p(^r sq. ft., the difference of pressure between 
th(^ air in the) ash-pit and at the base of cliimney or the draught is 
P ~ Pi » which produces the flow of air through 

the furnace and up the chimney. 

If IV lb. of air is drawn through the furnace per pound of fuel 
burnt, th(‘ Hue gas formed, togdher with combustibles in the fuel, 
will be nearl}^ to ]- 1 lb. ; and the volunui of these products of 
( ofhbustion is practically I'qual to the volume* of air supplied per 
pemnd of fuid under the same ])ressurc and tem])ea*ature. Therefore, 
the volume of furnace gas from a given air supply may be calculated 
by the general formula for air, i.e., 


pv — 90 loT, 

wIku-c V is the volume in cubic feet of w lb. of air supplied per pound 
of find burnt, and T th(^ absolute tempiu-ature degret^s 0. Also, 
when the combustion is at atmospheric pre.ssure, 2,110 lb. per sq. ft,, 
the volunu* of furnace gas is 


burnt . (1) 


and the density of the air or furnace gas is 


w 

V 


22 

^ lb. per cub. ft. (approximately). 


Let A bo the sectional area of the Hue at the chimney base, 
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where the temperature T is observed, then the total amount of gas 
entering the chimney in pounds per second is equal to 


/ velocity of flow/ 




Density of gasA 

-.ft.j 


( Section ^ sq . ft. at , , , , 

base of chimney j Vlb. per cub 

from which the JU(*an velocity of gas flow across that section is 

-WWA •P'"'"'' 


(2) 


where W is the pounds weight of fuel burnt per second. 

Example 6. A boiler ik lircd wiUi coal liaving a pcrcciiiagc composition, 
carbon 85-1, Jiydrogcii 4-2, oxygen ash, etc., 10-7. Tiio analysis of dry flue gas 
.shows 10*2 per cent of CO^. J'lstimate tlie weight of air siipplieil to the 
fiirnaco per pound of fuel fired. Jf the measured tomjierature of Ihe hue gas 
at the base of Iho chimney is 41fr when t he coal consumplion in tlu'- 
boiler i.s 1,025 lb. per hour, find the mean speed of the flu<‘ gas entering the 
chimney if the* cross-sc'ctional area o( the ehimne^ is ISsq. fl. 

nSc. {K>ui.Y l‘J2:h) 


The oxygen tlu'ortdic-ally m‘(‘de(l for complete combustion of 1 lb. 
coal is 0‘851 x ;r 0*042 x 8 ~ 2-G05 lb., which is contained in 


2;605 

0-231 

excess 


= 11*28 lb. of air. From the COg iu the dry flue gas the 
‘ss air ma}^ be estimated as f j | IQO -- 75*2 cub.it. 

V 10-2 J 75.2 f 

at 15° C. and 14*7 lb. per sq. in., and its weight is 
The total weight of air supplit^d ])er pound of coal ilrcd is 
11-28 -f- 5*74 --= 17-02 lb. (apj)rox.) 

The temperature at the base of chimney is 410° -|“ 273° — 683° 
C. (abs.) ; then, from equation (1), the volume of air or flue gas in 
cubic feet per pound of coal buriu^d is 

96ieT 96 x 17 x 683 

- - ;)2/ cub. it. ; 


^ ' ^UO' 2116 

and the density of the gas at the base of the ehiinney is 

w 22 22 

683 

The coal fired ])(ir second is 
1625 


-- 0 0322 lb. per cub. ft. 


ir - 


= 0-45] 4 lb. 


60 X 60 

Then, substituting in eqnation (2), the mean velocity of flue gas 
entering the chimney is 

96^17 ^683 X 0-4514 
“2116^ "" 2116 x’ 18 

Answer. 


= 13-2 ft. per sec. 
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Height of Chimney to Produce a Oiven Draught. ' 

Again, let 

height of chimney above the fire-grate 
= height of column of gas of density D, 

D = mean density of gases in chimney 
£>1 = density of outside air ♦ 

Pi = pressure of outside air at the chimney top ; 

then Pi + HD lb. per sq ft. is the yjrcssure inside att he base of 
chiiiiney, 

Pi + HD^ lb. per sq. ft. is the pressure outside at entrance 
to the ash-jut. 


The differen(;e of these pressure's which produces the air flow 
from the outside into the chimney, through the grate, fuel bed, and 
chimney is ' 

H(D,-D) = H,D, (3) 

The frictional resistance F to flow through the fuel bed is relatively 
large compared with the head corresponding to the velocity of flow. 
F is measured by the draught h in. of water column in the U’tube 

h X 62‘4 

inserted at the chimney base, and is equal to — chimney 

gas — JTi, since the density of water is 624 lb. per cub. ft. at the 
atm ospheric tem])eraturc . 

22 22 

Uul D ^ >7 lb. per cub. ft. ; and ^ ^ 0 0764 lb. per cub 

' ^ 1 

ft., where Ti is the absolute temperature of outside air, and T mean 
temperature of the chimney gas. Substituting these values in 
equation (3), draught ; 


h ■-= 4-2// ( - yf 1 in. of water column 
fT \ ^ 

and £^i = ^ - 1 1 ft. of chimney gas 


( 4 ) 

( 5 ) 


Now — F -|- — , wliere — is part of the head used to give 


velocity of flow, v , iit the ba.sii of the chimney, and 
- ft. per sec . 

where the constant k is about 2 when of tli® head is spent in 


( 6 ) 
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producing the velocity of flow. Professor Dalby* has found from 
marine engine trials that the value of h for the chimneys of the ships 
tested varied from 1*6 to 2*7. 

Example 7. The (“omposilion hy weight of tlio coal osed (o lire a V)oilor 
is : carbon, ; hydrogen, (hO'5S ; oxyi^tMi, 0-004 ; ash. 0-01)5. Assuming 

that, t lie ratio of air usixl to t hat tlK'orotK-ally rc({iujvd for condonation is 1-6, 
find tho wcigiit of flue gas per j>ound of coal linMl. If tlic cliirnney draught 
is 1 in. of wat. r, and the temperature of flue gas id. tlie base of the chimney 
IS 400° C‘., \vl it sliould be the internal eross-seel ional ai’oa of the chimney if 
the boiler is 1( eonsume li tons of eoal per lioiir. Assiimi^ lliat one-tenth of 
tliP liraui^lit 1 a\ailahle for giving velocity, the ?vst. of tlu* draught b(*ing 
uatul in ovorei niiig friclion of the air ]>assing tliroiigh the fuel bed. 

(r./v , H.Sr. (Kh<j.), 1025.) 


The oxygen theoretieally required for (‘oinphd.e combustion of 

g 

1 lb. of the eoal is 0-8(i:] X + O^OIJS x S --- 2 ()()5 lb., and the coal 

O 

itself contains 0 ()d4 lb., so that 2 (i()l lb. is n(U‘d(‘d in tlie air supply, 

by or 11-26 Jb. air, tlie minimum theoretically required. The 

air used per pound of coal is l-B x 11*26 -= IS lb. 

The total luwad to oA ercorne frictional r(\sistaii( (^ and ketqi up the 

velocity of flow is - - when* D is the nusiri density of the 

5-2// /D % \ 

chimney gas, and the draught h in. of wattT. TJius j) 

by equation (3), wIutc J)^ -- 0-0764 lb. piu’ cub. ft. is the density of 
the outsicU^ air at 15" C. and atmospheric pressure. At 400'' C., or 
673° ('. (abs.), th(* air or gas in the chimiii^y has density • 

22 

I) ~ - --= 0-0327 Ib. per cub. ft. ; 
also h is given equal to 1 in. of water. 


5-2 = H(D^ - D) -- //(0 0764 - 0-0327), 
from which H --- 119 ft ., and onc-tmith of tliis is available for giving 
velocity. Otherwise, by equation (4), 4-2// ' 073 ^ " henei* 

H \2 ft. The vi^locity of flow, 

2g X 12, or u - \/6T-4TT2 27-8 ft per s(h-. 

Coal is burned at the ratc^ of 3,360 lb. j)er hour 


3^0 

60 X 60 


14 


= “ lb. per second 
15 ^ 


If 


* See Slrant J*oivrr^ ])y Proh'swor \V. K. Dal by 
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Substituting those values in equation (2) (p. 212) gives the 
internal eross-sectional area of the chinim‘-y 
mwTW 9b X 18 X b7.‘l X 14 


21 Ib/^ 


21Ib X 15 


1845 sq. ft. 


A nswer. 


'Fo ( hook this result : The volume of the flue gas being takc'U 
(‘(jual to that of the air supplied, and 

2 )V 9bw’/ , or v ~ — — 549-() eub. ft. per lb. 

14 

of coal ])urned ; and, at ^ lb. per s(‘c., the rate of gas flow is 
14 

549 6 > - 512-9 eub. ft. per sec. This should be equal to the 

v(‘loeif.v of How X S(‘etional an^a of chimney, or 
27-8, >: 18-45 — 512-9 cub. ft. per see. 

Th(‘ naliiral draught of a, ehiimi(‘y draws suHieient air through the 
fuel to burn coal eompl(‘t(‘ly at the rat(^ f)f 201b. of coal per hour 
per s(|uare foot of grab*, rale of tiring is increased by forced 

draught. In a locomotive*, tlu* draught is produced by the exhaust 
stea?u blast in the* smoke-box, which reduces the pressure of the 
(‘Scaping gases below atmospheric and greatly increases thc^ air flow 
through th(‘ grab*, tub(‘s, and up the chimney, at an average rate 
of bmaiing 80 lb. of coal per hour p(‘r square foot of grate in an 
t*xpr(*ss locomotiv(*,* 

In marine* boil(‘rs the draught is for(*ed by means of fans blowing 
air into tlu* stolu'-hok*, M'hich is made air-tight, so that the air can 
only ('scape through tlie ash-])it and fuel bed to tlu^ chimney. 

ill tin* Uowden system of foreied draught, air driven by a fan 
pass(\s thrcjugh h(‘ate.d tube's, before^ it enbu’s the* ash-])it and passers 
ove*r the gi ate*. 

Anothe*r way is hy induced draught, whe*n the fan is [)lace*d near 
the* chimne*y l)as(^ ami draws the air through the* furnace, and the 
hot gases ])ass through the* fan. 

The* advantages of nu'chanic.al draught are : e'asy control of the 
draught by j-e*gulatioii of the sp(*e‘d of the^ fans ; ability to meet 
sudden de*mands for incre*ase*d output of steam ; greater furnace 
(*llici(*ncy, b(*ca-use^ (‘omple*te combustion is obtaine 1 and the furnace 
gas may be^ re*duc('d to a le)vv'e*r b'mperature than if chimney draught 
alone^ is use*d ; natural draught changes with the* wa*ath(U', and 
force*d draught overcomes that difficulty ; also a gr(*ater rate of 
burning at. the* lire‘-grat(*, and ch(*ape*r coal can be economically 
used 

l^lie^ chie‘f disaelv^antages are^ the^ u])keH*p of the* machinery and 
cost of i)owa*r in driving the fans ; also incre*ase*.d wa*ar and repairs 
of the* boile*r oAving to the* higher rates of combustion. 

* tSoo “ Trials of an Ex[iross boroniolivc," rroc.lnst. C.hJ., A^ol. CXXV, 291. 

15 ^-( 5434 ) 
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Tho brak(‘ liorwo-powt^r of the enf^ine driving a fan may be 
estimated — 

Let e -- A’ohiine, in eid)ie feet, of air or gas passing through 
th(^ fan pcM- minute 

h =■- draugld in inehivs of water eolinun 
c - etbeieiicy of tlic fan 

w — ])oiinds of air d(‘liv(‘red p(M* ])ound of fuel burnt 
IP - = wtMglit (])f)iiuds) of fu(‘l bnru(‘d per second. 


Th(' iM'Cjuircai twake horse-] )()\ver 


With /breed dranqhl 


5-2 hv 
33,T)()6 X P 

273 


( 7 ) 


WJien' e,, - 12-3!) eub. tt., Die volume of 11b. air at O'^C. and 
14-7 11). j)er s(|. in. 

and Tf - absolute tem]>(Tafur(‘ of air fleli\ (uval by the fan. 

With iu(hi(‘P(l drauifJil tlu‘i(‘ \>ill bi‘ (w -\ l)ir lb. ji Hue gas 
deliv(‘r(‘(l per s(‘(‘ond, and assunu* dcaisity that of air. 

7’, - (iO()e 1 l)Hbx '' 

2 i .) 


Ib*ak(‘ h()rs(‘-])()\\ (u- of indiu ed draught fan 
llralo' hors(‘-])n^^(M■ ol forced draught fan 

_ 7/’ -i 1 ^ 7\ 

7V i\ .... 


( 8 ) 


Heat of Combustion. Tin* (piantiti(‘s of heat (‘volved by the 
eonijilete eombiistion of xajious [i vdrocarbons in ox 3 "gen, and the 
subsiajuent cooling of tlu‘ tinal ])roducls. water and earl)on dioxide 
to the initial temp(‘ratui‘(‘, Merc* dettumiiKal I)}" skilful expcM'imeuters, 
Andr(‘us, Pavr(‘ and Sil))(‘rjuann, Hertlu^lot, and others. 

Professor Thomas Andn‘ws,* ol Bi‘lfast, mixeal th(‘ gast's to be 
burmal a\ ilh ox^ gcui in a thin copixu* V(‘ssel, surrounchal bv a calori- 
nudt‘r containing a Known \\(‘ight of \\at(‘r, k('pt stiiaed, and all 
])lae(‘d in a large v(‘ssel of ])lat(‘ tin, to naluee loss of h(^at b\^ radia- 
tion and convection. The mixtur(‘ was fin'd by tlu' elt*ctric siiark, 
the emuhvstion took phicp. rojndhj ot confitmit voti(tn(\ and the rise in 
teni])eratun' of \\at(‘r in tin* caloriniet(‘r was observed on a very 
dt'licatx' th(Tmomet(‘r- 

Solid combustibles were reduc(‘d to a tiru' powdc'r and a known 
wc'ight. ])laced in a ])latinum crucibh^, hd down into the (*opper vessel 
whicli was hik'd with ox\'g(m, and tlu'U fin'd b^^ tlu' ek'ctric spark. 

* rhiL Mw! xxxii, pii. :t 2 i, and 42 ( 1 . 
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In the calorimeter used by Favre and Silbermann,* gradual com- 
bustion took place in a current of oxygen, and the products wer(' 
cooled by passing through a long thin copper coil or worm below 
the combustion chain Imt. 

Berthelotf measiir(‘d the heating value of fu(‘ls by explosion at 
constant volume in excess of oxygen, first list'd hy Andrt*ws. The 
Bertlu'lot bomb calorinu'tt'r eonsisf . of a strong stt't'l vessel lined 
with tilatinum. 

Maliler lint^d the stt'cl bomb with onamt'l. Mr 0. J. Wilson made 
the bomb of mangaiit'se bronze and gildt'd the insidt'. Fig. HI shows 



a st'ction of the bomb made by Mr. C. W. (’ook, and Fig. 82 a section 
of tli(‘ calorimett'i' with at'cessories. 

Tilt', inner surface of the sk'cl bomb, B, is gilt or coated with 
s])(‘cial enamtd to prcv(*nt corrosion by the acids formt'd by com- 
bustion of fuel containing sulphur and nitrogiui. The cover, I), 
carrit's a nt'cdlt' valve, N. to admit compressed oxygen. A thick 
lilatinuin Avirc, F. is screwi'd into the cover, the other ware, T, carries 
the crucible, C, at the Unyrr tmd, which is formed into a ring ; the 
other (md of T jiasses through an insulated plug, protected against 
the high temperatim^ inside the bomb. A tine platinum or nicki'l 
^virc, M ith its end twisti^d round th(^ wires F and T, making good 
electrical contact, dips into the fuel, which is ignited when the tine 
win' is heated to incand(^sc<cnce by an electric current. One gramnu* 

* Ann. ('him, J^hyn. (H), XXXIV, n. H57 ; XXXV f, p. 5 ; XXXV 11, p. 405 
t Bertliolot's t'caniynv (himiquv and Annulet* de J^hysiyue et Chtmle, 
18S5. 
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of oil fuel, or finely powdcu^od eoal, is atuuiratoly w(‘ight‘d in the 
cirueibli*, which is then placed in the, ring and with tlu‘ ignition wire, 
attaeluHl, the cover D is tluni placed on the bomb. The eov(U‘ is 
held firmly in position by a larg(^ lu'xagotial nut //, sen^wed down 
tightly, a gas-tight joint btang made by the spigot /S', fitting into a 
ring of l(‘ad in a groove on tlu* to|) of the bomb. Oxygen is admitted 
vau v giadiially thiough a eom^Mml nut attaehimait at A, by opening 
tlu‘ net‘dl(‘ \’alv(‘, W until the prc'ssun^ is alxmt 25^ atmosplu^res, 
whtm the valve is closed. Wm\s from an I'leetric' circuit are eon- 
neetod to th(‘ Itaininals of P and 1\ on the c ovtu’. The* Ixmib is then 
[)hu‘(‘d in a known weight of watew in thc' copper ealorimc^tcu*, which 
is insulated near the* top to ])rev(‘nt k^akagt' of heat by eonduetion, 
and rests on l)loeks of cork in tht‘ air spaca^ of an outer double-walled 
vi'ssel, shown in hig. 82. This outcT vc‘ssel and its lid are well 
higgled on th(^ outsich' by a thick layei- of felt, and forms a water 
jacket- at the tcMn]X‘ratur(‘ of thc^ rcxim. In order toni'c'diiec^ the 
(‘oiT(‘etion for radiation. th(‘ lmn])erature of the bomb and watm' in 
tli(‘ c*alorim(‘t.(a- should l)(‘ as many d(‘gi’(‘(‘s biOow the* jacket t-em- 
peratur(‘ at tlu‘ start as abovc^ it whem tlu^ maximum temperature is 
rc'aeht'd by burning the fuel. 

A standardized Beckmann th(‘rmomc‘t(‘r, graduatial 

having a lange of a little* o\(‘r o’('., is plae(*cl in the* watc*r|sur- 
rounding the bomb. Stirring is thcui start(‘cl slowly, and continued 
throughout the ex[x*riment, while rcNidings of thc^ thermometer are 
notc'd C‘V(*rv minute*. Aitc'r 4 or o min , the* (‘h‘etri(* circuit is (“losed 
and th(* fu(*l firc'd. 'Ihe h(*at (*volv(‘d is absorb(*d b\' tin* bomb and 
w ater in the* calorim(*ter. the* tc*mpc*rat urc* ris(*s rapidly, and readhigs 
are^ (*ontinually lak(‘n until o to 10 min. after the* maximum tem- 
])c*ratur(* is attainc*d, in orclc*r to c‘stimat(* the* rate* of cooling b\^ 
radiation and thc^ trm* rise* of t(*mp(*ratun* The* f-(*mperature of 
ihe out(*r wate*?- jacket is also not(*d at the stait and finish as a 
chee k on the* radiation corr(*ction. 

'flu* water c(|uivale*nt of the* bomb, e*aloriiiie‘tea’ and solid parts 
th(‘rein having bi-en [ireviouslv found by u.sing a fu(*l of know^n 
caloritic*. valm*, c’.g. najilit hal(*ne or benzoic acid, 'riie calorific valm* 
of benzoic acid is 0,,422 C^H.lk j)[*r lb. This w'at(*r e(jiii\’al(‘nt 
added to the weight of wate*r in the e-alorinieite*!’ and niultijilicMl by 
the rise* in t. mpt*ratur(*, nie‘asure*s the* total he*at ge‘n(*rat-e*d by com- 
bustiein of the* fue*l and by subse*c(ui*nt e*ex)ling eif tlve* produc’ts, them, 
divided by the* we*ight. oi fue*! take*n, gives its hi(jhe,r ailorijic value. 
The steam formed by burning the* hydroge*n or hydrocarbons 
pre^se*nt conde*nse*s on the* walls e»f the* bemib, and its latemt lie‘at is 
included in the^ e{uantitv ine*asure*d. 

»Sewe*Tal eeirrections are* ne*e*e*ssary tei see*ure* re^sults accurate to 
0*2 pe'^* e*e*nt of the ealorihe* value ( '/ombustiem take‘S place at 
rovslrntf 9V)I ume not al cousin ut 'pressure^ but, for the* combustion of 



COMBUSTION OF FUELS 


219 


bituminous or anthracite coals in oxygon, when the hydrogen 
conttmt is only 3 to 5 or h per cent, there is very little chemical 
(ihange in voIuuk^, and th(^ difference bi'twcsen the two values is 
about 10 B/rh.U. ptu* lb. With mineral oils which contain about 
15 per cent hydrog(‘n, th(‘ difftTcnee is a little* largeir. The maximum 
error in good work, by an (^xperieiu ed obse^rvor, with the bomb 
calorimeter, is £ 20 gramme ealorWper gramme, or C H.U. ])er lb. 

In practice*, unele*r ordinary furnae e* conditions, the nitrogen do(‘-s 
not burn to nitric acid, but eiscape*s as nilre)ge‘,u ; arid the sulphur as 
sulphur die)xide* not as sulphuric acid. (\)ns(*quently, it is necessary 
to deelued the* (‘xce*ss heat ge*nerate‘d in the be)mb. this purpose;, 

5 c.e*. of distilleel v^ ate;r are [)e)ure*el inte) the* bemib at the start, and 
afte*r the* e'xp(*rime*nt, whe'ii the bomb has bt;e‘n removed from the 
calorime‘t-(*r, and the gases allowe*el te; e‘sca])e by e)pi*ning the needle 
valve, the* be)jnb is \\'ashe*d e)ut uitli distille*fl wat(‘r into a hard 
glass be*ake*r, from wlneh the* ehe‘mist estimates the* sulphuric acid* 


* To tin* bomb w'aslnii^^ add 25 (*.(*. \j l(» .sodium oarboaali* soliitiou, and f)oil 
down 1o about 15 (*.(•. ; liltcr and wash tin* lillia* pa[K‘r well witli liot distillod 
wator. 'riio lilt rate w'la*u cold is litiatcd witli A'/ Id liydroclilorio acid, 
mctliyl oraii^o a.s indicatoi. J..cs.s lliau 25 c.c. N/10 liydrocldonc acid wdll bi* 
n'quitH'd, ow'iii^ to tin* acidit> present in the bomb washings, which w^ill have 
ncul rali/.(*d part of t lu* sodium caibonate solution. Xow', to eslinuiti* the 
sulphur pi'cseut, about 5c c of sironjj:, h\diochloiiC acid are* added, the liepiid 
hrou^lit to tin* boiling point, and a. litth* warm water containing about 0-5 
gramme of barium chloride m solution is added to preepatate the- sul[)biir as 
bariunT sulpbati*. Jn ordi*r to form a granular iirecijiitate*. and one easily 
lilti'rod uff, the Inpiid is boiled gi'iitlv lor half an hour at- least, and then 
allow I'd to stand 2 or 4 lioiirs bc'fon* tiltcrmg oH the prr'cijiit ate. ddie (ilb*r 
|taper and pn*eipitat(‘ must tla'ii be wi*ll waslu'd with liot distilled Avati'v, to 
rem^' c all soluble salt ((* g. Ha('l.,) from lla* jiaper ; afti'r wdiieli llie paper 
and pr(‘cipitat(' an* ignited and biiin(“d Tla* resiilue of barium sulpbatr* is 
allowed to cool and wr'igbed 

Till* w ('ighi (»f suljiliur .1 grill. weight of IhiSOj 01574, and 
yi(*ld('d 7- 1 r grin, of snlpliiirie acid (pure) iii the bond), wlm‘li are 

A' 

It) 


t) OOK) 


will luive:; 
enut.amcd 

e.i*. of — siilpimrie ar id jm'scait in the bondi 


1 grin, of snl])burie acid (pure) is eoiiiained in 


52 

_ 0S.r 
52 0 t)t)4!) 

washings. Siiier 

A /It) sul])hurie arid, or 1!) grin ]ut 1000 c.c. 

i\ 

If /m ,*. of — ])\ drocbloric acid are used, 1 h(‘ total acidity due 

, N T 

acid and nitric acid is (25 h) c.e — m-id ; and of this - ■ c.e. 

^ 10 OOOU) 

/X 


1 


e.c., 


a' 1(1 


VHl 


therefore ^2.^ 


h - 


O-OOHi 




IS due to uilne acid ( — 


to sulpbune 
is sill] )h uric 
N' 


'riio li(*al of formation of iiilrie 


10 / 

S 


iieid is 1-43 calories ])er I e.c. of -—acid 


the nitric acid correct loii is ( 25- h pyyK*^ 1-45. 

'rile, suljihur of the coal, iu.stead of hunuiig to SO.,, ns in air, hums to 
and the (ex(‘esH) lu‘at. of the reaction SO, 1 O I H.,0 - H-^SO, i.s 
allowed for hy d(>diieting S 2250 <*alories from the bomb result. ^ 
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and nitric acid formed, and the excesH heat evolved in the 
combination. 

The higher or gross calorific value of a fuel is the amount of heat 
giv(m out in the completes t“ombiistion of unit weight of the fuel in 
oxygen, when the products of combustion cooled down to the 
initial atmos])heric temj)(*rature or 60° F.) at which the 

oxygen is supplied. 

For comparative })urposos, the higher calorific value of coal is 
usually the ^'alu(‘ found, eitluu* by experiment or calculation', on a 
sample of “ dry coal,” from A^hich moistun^ has been driven off by 
luxating the' sa-mpK' to 105° V. until its weight is constant, sinc(^ the 
amount of juoisture in coal eJianges with atmos])heric conditions 
and the time of exposure. “ Pure dry coal,” or dry ash-fn^e coal,” 
d(‘not(\s the c:ombustibles left in the coal after the coal is dric^d and 
the ash content also subtracted. Th(^ calorific value on a ‘‘ moist 
coal ” basis, i.e. on a sample, as recedved and used, is* the actual 
^ alue genc^rally required by the (‘nginec'r. 

Moreover, in practice, the furnace gas ri'jected to thcj chimney, 
and tlie c'xhaust products of combustion from thc^ cylindcM* of the' 
internal combustion c'ligine, contain stc'am not coudiuisc'd to wati'r, 
and the*, (‘xhaust gases arc' not cook'd to thcj ordinary ternpc'rature 
before'- leaving the' engine. 

TJie lower or net calorific value is the' heat oblairu'd by|th(* 
e-ompk'ie ('ombustion of unit wedght of the^ fue'l in oxyg(‘n wlieui the) 
j)iT)ducts are cooled dov n to 100° (!., and the' steam is not coiidemsed 
to Avate'r at 100° C. 

The' lale'iit heat ])eu' pe)und of ste?am at 100° C. is 530 (Mf.L'., 
or 070 B.Th. V., and in cooling tlu' eonek'nse'el watc'r from lOO- C. 
to 15°(!., gives S5 (‘.H U. The' he'at give'ii out by 1 lb. of steam 
at atmospheric pre^ssurc in condemsmg and cooling to 15° C*. is 
530 1 or 624 C'.H.U. Since 1 lb. of hydroge'ii \\lie*n burnt forjns 
0 lb. (.)f ste^am, the; diffcTc'nee be'twe;e;n the; higher and lower e'.aloritie 
values of hydrogen is 0 X 624, or 5.616 C.H.U. Tlu're'fore;, the 

Kor instniK'(*, iii an cxjici'iiin'iit wIwmi tniiiung 1-U't4 grin ot'coal in tlin bnnil) 
ualorimoler, tho ainonnt of A7 tb soilieini oarbonato sululion addod — 25 
and the amoiinl of A'/ lb liydrorhloric* aedd rne(uirod 1() c.e*. 

Wc'ight of barium snlplialt* n-US2 grin,, givt^s U-OITJ grin of seilpbur. 
Siilpliiirio ac:i(l corroclion n-0lJ‘? . 2250 25 4 calorie's. 

Nitric acid convclion — { 25- JO - l lii - tl-4 calories. 

\ (^•U0le»/ 

llu'se eorri'edions !U'rS l alorio.s to lie dfMlncted. 

'J’lie .1 allowan<‘o for I beat from ignition win> or thread is IH'5 calories, 
making tJie total corre^ctions ralorif'S. I'bo gross lieat given to the 

calorimeier liy eninJmHtion of J e)IJ4 grin of coal. etc. — 74()I{ calories, so that 
tJa; Jieal from tli(' ordinary coinbiiHt ion of tJie coal alone is 7403 53, or 

7350 calories. 'I’lierefore, the Jiiglior calorific value is 7108 grm.- 

l*Uo4: 

calories |)(;r grm. (C.H.U. pcrlb.), or, 7108 ' 1-8 - : 12,705 H.TJi.U. peril). 
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loAvrr calorific value of hydrogen is 34,500 - 561G. or 28,884, which 
may be taken in round numbers as 28,900 or 29,000 (v.H.U. ptw lb., 
corresponding to 29,000 X 1-8, or 52,000 B.Th.U. ])er lb. 

The nn^an specific heat of carbon dioxide is 0-21 (p. 192), and 
1 lb. of carbon completely burnt gives 11/3 lb. carbon dioxide, which, 

in cooling from 100“ to 15“ (J., gives out x 0-21 X 85“, or 

• o 

()5-45 O.H.U Thus the lowcw (‘alorific valut‘ of carbon is 8,080 05, 

or 8,015 (Ml.U. ])i‘r lb. This correction for carbon is usually 
neglected. 

Experimimt shows that, when carbon is burnt'd in oxygen to 
carbon dioxide*, tiu* amount of heat (‘volved pc^r unit waight d(^])ends 
on the variety of carbon tak(‘ii, Avhether diamond, graphite, Avood 
charcoal, or amorphous carbon, and tlu’: higher calorific values 
vary accordingly, from 7,800 to 8,140 O.H.U. per lb. 

The heat given out in c*.onv(wting solid carbon into carbon dioxide 
is l(‘ss than that evolvc^d in convt^rting th(^ same*, weight of carbon in 
a licpild or gas(‘ous hydrocarl)oii into the same ])roduct, IxHiaust' 
the heat us(‘d up in changing tln^ physical camdition of the solid 
carbon is greater than t hat r(‘quired to separate it from the- hydrog<ai. 

The (“aloritie vahu! of a simph* hydrocarbon, like (■H,j or 4, is 
diff('rent frojii tlu* sum of tin* calorific valu(*s of its clumiic-al con- 
stituimts when buni(*d seimrately, and do])(auls upon the chemical 
constitution, or, on the Avay in Avhich the carbon and hydrogen are 
combined in tin* fin*!, 'riius I lb of marsh gas, consists of 

0-75 lb. of carbon and 0-25 lb. of hydrogmi. Idie total amount of 
heat giv^i'ii out by burning thes(‘ weights of each constituent s(q)- 
arjitely in oxygen, v him free, is 0-75 X 8080 + 0 25 .< 34,500, i^rpial 
to 14,685 (M4.U The actual value found by burning marsh gas 
in a calorimeter is 13,100 C.H.U. per lb. The dilTiTiaiia*, 1,585 
C'.H.U. per lb., must be used up in tearing tlii^ eonstituimts in the 
compound ajiart in the process of combustion, which is found to be 
very complicated (|)|). 203 and 242). 

The h(\at energy s]ient in doing internal v ork, tearing the par- 
ticles of carbon and hydrogiai asunder, must necessarily vary with 
the arrang(*ment or intiu’nal combination of ihi^ ]iarti(‘les in the 
molecule. Liipiid hydrocarbon fuels consisting of light volatile 
parafiins are chemically unstable e.om})ouuds, oi Imv ignition point, 
and their normal rate of burning is viu’y rapid. The aromatic 
hydrocarbons, blmzen(^ and toluene, have greatiu’ chemical stability 
and high ignit ion t-emperaturi*. 

Again, I lb. of acetylene, consists id 0-923 lb. of (carbon 

and 0-077 lb. of hydrogen. Thi^ h«*at evolved by burning each 
constituent si'.parately in oxygen is 10, 100 (Mi.!], per lb. of aeety- 
leiu*. But, in burning 1 lb. of acetylene in a ealorimi'ter, the heat 
evolved is 12,000 (j.H.U.,* that is, 1,900 C.H.U. more than the con- 
stituents give out. Berthelot found that acetylene is an enAothcrmic 
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C()ni])oi]nd, that is to saj", it can bl^ formed by direct combination of 
carbon and hydrogen, with absorption of heat at intensely high 
tcmiperature, as in the (deetiic an* In^twetm pencils of retort carbon 
in an atmosphere of hydrogc^n. This is an (‘xample of the direct 
synthesis, or building up, of a hydrocarbon from its elements. 
The same amount of h(‘at absorbed in forming thci compound is 
evolved in the dirt^et decom|)t)sition of th(' molecule iido carbon 
and hydrogen. fVofessor Vivdaii B. Lewes first observed at 800° C. 
the luminous “ flash,’' durijig instantaneous decomposition of about 
75 per C(*nt of acidyh'nc gas at this ttnufX'raturc*. 

J^'urther, two substances, isomers, which the clunnist linds by 
uHimalt' analysis to b(‘ iiiacU^ u)) of (exactly the same proportions 
of carbon and liydrogcn, have 1h(‘ same mohnular demsity, yet 
differ in physical and cluMuical ])r()])erties. 

Cellulose, app(‘ars to form tlu* })a,sis of wood or 

Aeg(‘tal)le fibre, and (liffcTent fm‘ls havc^ fornu'd byjts gradual 
transformation, until, in f)ituminous coal, tlu^ pr()])ortions art^ 

Ch'ude ]K'trol(mm from th(‘ oil w(‘lls contains many diffenmt 
eoinj)ounds, and is a complt^x mixture of solid, liquid and gas('ous 
hydroear})ons, with on(‘ common eharacbnistic, that tlu‘ various 
eomj)ounds consist only of carbon and hydrogen. I’lunr com- 
plicated combinations during combustioji must baffle' tlu' wit of 
man, and ultimate analysis affords unce'rtain h('l[), but tlu' filial 
[)roducts of comph'te^ combustion art' carbon dioxide' and wate.'r, 

1lie‘ raJoriJir vahie of a fuel can only he delernuncd with accuracy 
by direct experiment in the calorimeter. 

It is e)l)vious, from the' j’e'sults of e‘X]H'rime‘nt-, that mjenera.l formula 
give'll fejr calculating the* (‘alorilic value' eif any kinel e)f fue'I from 
the ultimate* analysis can emly give* approximate* re'sults. In the 
formula deuluee'ef by Jhinkine* from J)nlong's e^xpeuimeaits, anel ceim- 
monly use'd, it is assunu'd that all the* eixygi'ii ])resent in a fuel is 
combine'd an ith one-eighth its we'ight oi hvelrogen in the preipe/rtion 

f'o\. 

to form water, and only the surplus I H “ j is available ” for 

eennbustien — an unjustifiable* assumptiem. Acceuding te) this feirmula 
(Avhich nc'cc'ssitates ultimate analysis of the fue*!), the higher calorific- 
A^aliK? in C.H.U. ])ct ])e)unel is 

80806’ I- 34, .500 I- “^^OA' 

wlicre 0, II, 0, E are^ the A\aughts of tliese'i eemstitue'nts in 1 lb. of 
any fuel, the remainder being nitrogen, ash, and other impurities. 
The constants denote the calejrific values of the combustibles. 

When compared wdth the results obtained by actual combustion 
of the fuel in a calorime^ter, th(^ valuers given by this formula are teio 
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low. If the whole of the carbon and hydrogen in a fuel are assumed 
entirely uncombined and available for combustion, the calorific 
value obtained with the above*, constants is usually too high. More- 
over, the i)erc(uitage of oxygen in the usual fuel analysis is practically 
a fictitious figure, found by differt*nc(^, and covers all the errors of 
the analysis,* and, if correct, its relation to the heat absorbed in 
the decomposition of the fuel is noV apparent. Besides, the same 
formula will not giv(‘ equally accuirate value's for botli solid and 
liquid fuels. 

Wh(*n the oxygen is l(\ss than 5 |3er cent, the* calculati'd values 
ar(i in closer agro(*ment with those* found by the bomb calorimeti^r 

than when tlu* oxyg(‘n is highi*r and the t'*rm ^ then C()m})arativ(‘ly 

8 

large. 

The carbon Arabic ” of a dried fuel is found by dividing the 
calorific vijue of the dried fuel by 8,080 (tH. lb, the calorific value 
of pun* carbon wh(‘n com])l(‘tely burned to carbon dioxide. 

Various formulic liavt* been ])ropos(‘d for tli(^ calculation of the 
calorific value from tlu* ])roximatc analysis of (‘oals. (Joutal’s 
formula (Cojnjdas Beiuhis, S(*ptember, 1902) is 826^ \- aV for the 
calorific value of dry coal, in calories per grm , where C is percentage 
of fix('d carbon in tlu* dry coal, ]' the volatib's in it, and a varies 
with Tj, tlu^ p('rc(‘ntag(^ of volatil(*s on a dry ash-fre^e basis, thus- - 


I’l 1 

5 

10 1 

j 

■”ir, ' 

20 

25 1 

J 

:io 

35 

(1 

Ufi 

i:to 

1 17 

109 

io:i 

os 

04 


Tlu^ calorific valiu't of most of the coals of the Notts, and Derby- 
shire coalfield, (*xpress(‘d in B.Th II, per pound -- 100 ^145 

wlu're ^4 is tlu* ])(*rc(‘iitage of ash in the dry coal. This formula is 
liable to an (‘rror of lc*ss than 2 p(*r cent, whi*n the volatiles exceed 
38-5 per cent on a dry, ash-fr(*(^ basis. The inorganic mineral 
matter in thesi* coals is about 1-15 tinu\s thi^ ash. With coals 
yii'lding h^ss than 38-5 per cent volatiles on a dry mirujral matter 
free basis, tlu^ calculated calorific values are low by 1 to 3 ])er cent. 



Example 8 . 'I’ln* volunK'l ric anal\sis of llio Iku' gii.s of a loooiiiol i vo boiler 
Mas (’O.j, JT)-!) ; C!(), 2-2 ,- Oo, M» ; Ng, HI 2 |'er cent. The coal bad a calorilio 
of 8,250 C.H.U yier U). and contained 8.5 jiereentof carbon. I’lie M’^eight 
of einder.s and ashes eolleel<^(l iier ])ound of coal fired M'as O-lSll)., and tlieao 
eontained 02 per cent of carbon. Determine the percentage of tlie calorific 
value of the coal wdncli M'a.s actually produced as heat in the furnace. 


* “ Heport of the Committee on Steam Engine and Boder Trials,” Proc. 
lufit, (\P. 

t See Taper by .J. W. Whitaker, B.Sc., Inst. Mining Engrs. {Midland), 
March, 1924. 
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If tho oHicimcy of lioat trariHinisBion IVirou^h the tubes was 75 per cent, 
wliat was tlio eva])oraf loii from and at 100° per lb. of coal fired ? Ono 
])ouiuJ of carbon burnt 1o CO gives 2,420 and to COjj 8,080 (\fJ.U. 

(r.L., B.Sc. {Enq.), 1024 ) 


calorilic value of eiiiders and aslies 


62 

100 


X 8080 C.K.U. per lb. 


the h(‘at lost in eiiuh'rs and ashes ])or pound of coal lin'd 
-- O-IS X 0-62 X 80800 H.U. 901-7;3 O.II.O. 

'rii(‘ ])ro])()rtioii by w'eight of carbon in 15 parts by voluiiK^ of 

000 is 15 X 12 — 180, and the carbon in 2-2 parts liv volume of 
VO‘‘=~ 2-2 X 12 - 26-4. 

The total wtught of carbon is 206*4, and the fractit)n of this 

burnt to 00 is ~ f'h(‘ lu'at lost or uii])roduced ))y 

2(M)*4 8*u 

1 lb. of carbon burnt to 00 is 8080- 2420 - 5(i60 (M-f.U. 

the h(‘at lust p(*r pound of carbon in furnact* gas 

= 5660 X ^ =- 724 C.H.l’. 

8'o 

loss ])cr pound of coal lirtal, by iucom])l(‘t(‘ com))ustion, is 
0 85(1 -0 18)724 -= 504*6 H.V. 

the ]i(‘at actually produced in the* furnac(‘ |ier pound of coal 
tired is 8250 001 *7:1 - 504*6 --- 6844 O.H.l 

and the [UTctuitagc' of th(‘ calorific value actually pro(luc(‘d is 

()844 ]()() ^ cent. Answer. 

8250 ^ ‘ 

Again, tlu' transniissioii of heat througJi tlu^ tub(‘s is 
6844 y, '75 -- 5i:3:3 ('.H.U., 

and, since tlu' latent h(‘at of evaporation is 5130 (Ml. T. per lb. of 
water, th(‘ (‘(juivalent evaj)oration from and at 10(T per pound of 
coal hr(‘(l is 

!t-52:{ lb. .4/MH'er 


Crude Petroleum oil, issuing f?*om wells in AnuTiea, liussia and 
r)th(‘r count ri(‘S, vari<‘S in physical and cJuunical properties, and is 
a mixture of many solid, licpud, and gas(‘OUs hydrocarbons whi(4i 
have dillcreiit i)oiling points and ])rop(Tti('S. iVhdhane and other 
gasc'ons hydrocarbons art* dis.solvcd or ht‘ld in solution, and the 
lighter cojistitiients are extremely volatile, some of them (evaporating 
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rapidly when the (Tude oil is (exposed to the air. The light^oils, 
gasoline, naphtha or petroleum spirit, and benzoline are dangerous 
bi'cause, at ordinary atmospheric temperature, they rapidly change 
to vapour, w^hich is much heavier than air The vapour of pentane 
present in American crude petroleum and in gasoline, is 
2-5 times heavier than air, and that of heptane (O 7 H 16 ) is 3-4 times 
the weight of air. ^ 

These liquids ignite when a ffanu' is brought near, without 
touching the liquid, sincc^ the vapour given off forms, with the air, 
a highly explosive^ mixture. Special y)recautions are ne(‘(‘ssary for 
safety in the transport, storag(‘, and ust^ of such inflamniabh^ 
hydrocarbons. 

(h'ude ptdroleuju is separated by fractional dist illation and various 
I'ctining processes into the following eomiiK'n ial products : ( 1 ) Light 
oils, as petroleum ethers, naphthas, and petroleum siiirits or petrols ; 
(2) burning oils, or kt^roseiie ; (3) inlermediafa gas oils, for making 

011 gas or used as fuel in oil engines ; (4) lubricaiing oils ; (5) jyarajfifi 
wax and vaselme ; ( 6 ) he/wy oil refuse or fmd, known as rt'siduum 
(America) and ostatki (Russia). 

Shale Oil. Bitumijious shales are found in many countries, large 
deposits occur in On^at Britain, New^ 8 outh Wakvs, New^ Zealand, 
IS'(»va Scotia, Spain, France, and Serbia. 

In 1847, l)r. James Young, of Henfriwvshiris first (‘xtract.(Hl a 
light Ixurning oil, heavy lubricating oil, and paraffin wax from oil 
found in the Biddings Colliery, at Alfreton, in Derbyshire. In 1850 
Dr. Young discovered that paraffin oil could be obtained by the 
slow distillation of bituminous (‘oal and oil shales The shale oil 
industry w as started soon afterw^ards in America, and Scotland. 

Oil shah' is a dark grey mineral and has a laminat'Ml fractuiw 
The Scotch oil shales are found in great abundance in Midlothian 
and Linlithgow . Oiu* of the riclu^st seams is at Broxburn, about 

12 miles west of Edinburgh. 

(U'adc Shale Oil is distilled from shak^ heated in th(‘ cast-iron part 
of I Ik*, rc'torts at 900'" F., and superheated st(*.am is passed through 
the i-ettirt to carry over the paraffin oil vapours and ammonia 
without dissociation. Tlio sp(*nt shale passes down and is listed as 
fuel ill <he brickwork jiart of the retorts, ke|)t at aliout 1.300^' F. 
Eai^h ton of Broxburn shah* yields 32 gallons of crude oil, 44 lb. t)f 
sulj)hat(‘ of ammonia, and about 2,000 cub. ft. of gas. Other shah's 
yi(*ld about 20 gallons of crude oil and 70 lb. of ammonia sulphate 
tier ton. 

This crude shale oil is a. dark green, viscous fluid, of specifle 
gravity 0-806 to 0-89, and resembh\s ermh* natural petroleum 
obtained din*et from oil wells in America, It contains 70 to 80 
j)(*r ('(‘lit of hydrocarbons, imiiiily of tlni paraffin and less of thii 
oh^fine series. At the rJiinery tln^ crude* oil is fractionat'd into 
light and heavy oils, and the various distillates, after refining by 
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troatiiK^nt with sulphuric acid, soda lye, or solution of caustic soda, 
and Avashing aa ith AA^ator, give an average yield as folloAvs — 

(JOMMICRCIAI. VllODlK’TS I'lKni ScOTtUl SlIALi: OlL 


T* w f 11 \ 1 ( 'T 

1 Vrciciitage 

Specif 1C 

J A J. 

by t oleiiru* 

CJravity 


(Jasolnin and 

to 

(i 

0 (KJ;’) to 0 7.‘i0 

I’arafHii Oils (Ibirniii^) 

:i() 

40 

•700 HJO 

I ntoniK'diat'* or (bi>; Oils 

4 

10 

■SfiO „ -sso 

Lidjiicatiii'^ Oils 

IJ 

IS 

AlioiJt 0 885 

Varaftiii tN’ax 

]() 

IJ 

0 S7 to 0 01 

(’oko, (las, aiul Loss 

:5n 

■JO 



Tlu' fractional ion varies in d(‘tail at diffc'nuit reliru'ii(‘S. The 
pjoducls comprise' gasoline of spe'citie graA jfy 0 (>4 to 0-66. shali^ 
|)(‘trol spiiit oj* “ autoliiu' " (0 6S), iiaj)hlha (0 72 to 0-73), No. 1 
i)urning oil (0 S()2 lo 0 S04). No. 2 l>uruiug oil (O-SOS to 0 SIO), and 
lighthouse' e)il ( SlO te) S20). The* intcnne'eliate* e)ils are* use*d as fue*! 
in many heavv-eiil e‘ngine*s 

American ])etroleum e*emsists chie'lly e^f the' paraffin sen-ms e)f 
hy(lrocarl)oiis, liaving the* gemen-al formula 2* Avlfich 

methane*, CK4, is the* lighte'st nu*mbe*r, and lu'xaden'ane* 
one of the* h(‘avie*st lifpiiel produe-fs, and soliel jiaraflin wax, also 
obtaincel from Scedcli sliale* eeil. 

These he*avy paraffins, uh«*n eliNtille'd under pn*ssure* at a tenn 
])e*rature* higlH*r tljan the-ir normal be^iling |)oint.s, are* d(‘e'e)m])o^ied 
or cracked inte) light(*r parallins e)f le»\ve‘r beeiling pe>ints and oi(*lines 
((',,1^2^) containing (! S5-7 and H 14-.4 ])(*r e e-nt), AA^iile- at 

the* same time* gas is e*\e>lve‘d anel a hi lie* se^hel e arbem de‘])ejsit(*d. 
heer e*xamj)le*, by re*gulating the* 1e*m])e*rat me* anel pre ssure*, the*, heavy 
paraffin. (',rjl;; 2 . be* ele‘e‘e)mpe)se‘el nde» ( ( \r,H or 

I' ^ r ^ iM^aej’ ])reKJuct obtaine*d 

is a mixture* of seve*ral ])arallins and ejleline'S 

This preje e'ss e)f breaking up he*avy e)ils ifilo lighte*r e»ils e)f le)AVor 
benling pe)int is calle*el cracking, anel is take*n advantage* of by 
potrole*um distille*rs to eebtain a nmeh large*r yi(*lel e)f the lighter 
oils, be)th ke*iosf*ne anel |)e*tre>Is, than the* e rude* ])e;tre)lennn would 
yie*ld by ordinary fractional distillation. Cracking also takc;s ])lace 
in the distillation of }ie*aAy eeil at the* high tomperatim; riece\ssary to 
fe)re*e cejmple'te* (‘vape)ralie)n. Semie e)f the* lie'avy vapemrs driven 
e)ff are* reaelily ce)nele*nsi*d anel f^dl bae k inte) the* lie)tt(*r liquiel, which 
e rae ks or de‘ee)mj)e)S(*s the‘m. 

The eraeking })re)C.ess pate*nte*d by Sir ]h)V(a-teui Ke^dwood and 
8ir Jamejs T)(*war in J889 a]Apt‘ars similar to that of J-5urton, used at 
present f)y the Standard Oil (Vunpany to elistil heavy petroleum 
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residue at about 650"* F., and al a pressure of 4 or 5 atmospheres, 
for the prodiK'tiou of low boiling point hydrocarbons. 

In the Hall proec'ss, h(‘avy oil is ])assed up and down long tu])es 
heat(^d at temperatures and pr(\ssun's to suit, the* (h^sired ])roduct. 
The vapours ari^ ('xpandeul down to atmos]jherie pressure* at the 
exit into larger tube's, passe'd through dephlegmators, and ce)e)le^d 
to 100"* C. be'fere* e'ute'ring the ee)fi)pre"Ssors. 1"he‘ highe'st tem- 
peratures anel rate of fe^ed luwe to be ke'pt* eeaistant within 5 per 
cent, and the^ yielel of motor spirit obtaine^l is 50 to 70 per cent c^f 
the original oil. 

In some' oil engine's, e*.e)mpre‘Hsie>n e)f the he'avy e)il va])ours e*,herks 
e'vaporatie)!! and cause's ])art.ial ee)nde‘nsatie>n ; the'u the high tem- 
perature' e)f inflam in at ie)n may result in eraeking some eiils. and in 
time'feirm a hard e.arbon de^jieisit, mUhane carlxm — jet-blaeik fremi 
re'flneel oils, while' that from crude eiil is gre^y, like' gas re'tort carbon. 

In e)rde>ii» to avoiel e'lae king, superheated ste/nu is blown through 
the* pet.re)leuin re'sielue', after the* lighte'r hyelreicarlions are distilled 
i'U vacuo, anel eanie's over the lu'avy vapours to the' e'ondensi'r, 
giving distillate's te) be* use'ei in the* manufacture' of lubricating oils 
and ])araffln wax. 

On still fui tlu'r raising the* te'anjie'ratiu'e to a bright vherripred heat 
in a retort, in the* abse'iu'e'. eif air, drops of enl may be partly ee>nvert('cl 
inte) real oil gas anel tarry jireidiiets, which are*, usually washed or 
se i'ublx'd (.)ut in the proe ess of making oil gas, but cause' In^uble in 
the' e)il e'ngine e'ylineh'r. It is, the're'fore*, lU'ee'ssary to re'gulate the 
tempe'iat lire' of the* va[)e)rizer in these I'ligiiu's be'leiw this gas-making 
stage' te) jire've'iit the* feirmaliein e)f tar and the' de'])osit of cari>e)n. 

tx])e'ne?ne*e'. sheiws that, with the' re'sidual burnt- preieliie'ts in the' 
clearance' spae'i) of the* e'ngine' cylineler, the* ex(*ess e»f air aeldeel holds 
tlu' lu'avie'i’ hyelre)earbon va|)e)urs in suspension, like* a cloud, 
whieh IS re'adily ignite'el anel gives e'eunph'te ce)mbustie)n e)f the 
whe»le e)f tlu^ oil. 

Camtuing of lubricating oils is elue* e'hu'fly te) the' n'lneival e)f 
the' me)re' veilatile hyelroe'arbeins by evaporation, anel the contimu'id 
heating e)r ste'U ing e)f the' oil at a high temix'rature thicke.ns the 
tarry matte'rs anel forms a stie'kv e)r gummy re'sielue', which clogs the 
valves aiid working parts, and causes trouble in the practical running 
of the' e'ngine'. Fxee'ssive' epiantity eif lubi’ieating e)il in the high 
pressure' e*ylineleM' e)f a tlu'e'e-stage' air e‘e)inpre'sse)r, and too high 
a tein])eu‘ature‘, liave caused tremble' by e‘arbe)nizatie)n of valves, 
gumming e)f tlie* high pre*ssure' justein rings, anel e)ccasie)nally 
e‘X])losie)n in the air re'se'rvoir anel pipe line'. 

All animal and vegedable/e/is, whe'M he^atenl up tei 15(F F., become 
fixed oils, wliich dilTeu’ fi'oni mine'ral oils in not be'ing \'ejlatile^ or 
capable^ eif e'vaiieirating withemt deceimiiositioii. Fixed oils are- 
unsuitable) fe)r use) in the* internal coinbustiem engine) beeiause, at 
the high temperature's in the' meitor cylinde'r, they are' partially 
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decomposed with the production of free fatty acids, as oleic and 
stearic acid, whi(di corrode the mental of the cylinder, forming oxides 
of iron and iiu^tallic; soaps, whilst tht^ j^itch and carbonaceous deposits 
gradually accumulate and eventually block up the valves and ports. 

Liquid Fuel. The Author and his assistant, the late Mr. W. 
Inchley, found that, for many liquid fuels tested, the higher calorific 
values, cak ulated by the formula^ 

75006^ -|- ,*k‘{,830// gramme calories ])er gramme or C.H.U. per lb., 

or i:i,500r; + B.Th.U. per lb (1 ) 

ar(‘ all in toh^rably closer agr(‘ement with those obtained by actual 
combustion in th(‘ bomb calorimeter. 

TAHLE III 

CoMcosrrroisr and Cat.oril’ic A'ali ks of Oil Fuei.s 


I linger Giili)ri(l<‘ V;iliio 


D(^‘^G^il)tl()u fif 
l*rl,r()l(‘iiiu GiM'l 

Siircilic 
(fiiivitv 
.ii r.ie h\ 

Ouiboii 
]>i‘i mil 

jrydrofjen 
]M‘r mit 

Observed \ C!iilriilati*d 
C!alorii\s iM*r Caloiii's orr 
ffr.unme j gramme 

Actual 
n.Tii u 

per 11) 

AiiV'i “ R<)\tU nji\liirl>< ” 

•7H7 

.s.» / 

14 2 

1 1,107 

11,241 

20,100 

Ainonriin Krrost'iK* 

7Sl) 

s.', or, 

Nl 

1 1,1 04 

1 1 ,2ri0 

20,100 

liiDsian Kcliiieil (Uakii) 


so (I 

1 1 0 

1 1,270 

11, ISO 

‘20,28(1 

“ llii'^solerH.' " (11 V O ) 

S‘HI 

sr. O'. 

1 5 

10 007 

1 1,014 

10,000 

Aini'iicaii C'iiiuU' Oil 


so so 

i.n 1 

10 012 

lO.O.'il 

10,040 

10,140 

('.iiijidiiui ('riKlG Oil 

s.Mi 

sc. \)1 

12 S7 

10,707 

10,S74 

T»‘\as ('ni(U‘ Fi'holi imi 

•1H7 

so 01! 

1 l-SO 

10,r.l7 

10.4SS 

18,0.1f 
1ft, 5im 

Riissiiiii Cimle Oil 

■H7i* 

SO 00 

KMO 

10, S4 { 

10.0 IS 

Ditto (Ciuifiisiiin) , 


S4-0 

1 1 00 

io,:i2S 

10,401 

18,. '>00 

J.iva Crudt' 

•sr.7 

S7 10 

12-7 

iu,o:)i 

J0,S2H 

10,1 HO 

Solai Oil 


SO 0 1 

12 0 

10,7S4 

10,758 

10,410 

(‘oal Oil 

■'07 

SO '1 

11S7 

10,24 { 

10,250 

18,400 


The author obtair](‘d the following results by fractional distillation 
of averager ty])ical sam])les of refined American and Russian kero- 
sines, and tin* liighcT calorific; values of the fractions in the boiiib 
calorim(‘ter, also the lowc'r calorific valut‘s by cojnbustion in air at 
constant jjrc'ssurc* in the d linker calorimeter. 



Aineriuau 

American 

Husaian 

1 )c script ion of b’uid 

J\(;roseiie 

“ Ko> al 

Kerosene 

White Kosii” 

Daylight ” 

Kussolene " 

Spec ifie ( Iravitv .... 

0 7S4 

0 797 

O’ 825 

Klasli Point (Aliel CMoseTesl), 

105“ F. 

Sl“ F. 

. SS“ F. 

Vapour IVunjKTiiturc at winch 
l_)ishllntioM beirin.s 

145“ C 

125“ C. 

115“C. 

DitiitUdlrn 

iVr Vent 

Ver Vent 

Per Cent 

Spirit bidow 150" (\ ... 

7 

23 

20 

Kerosene, 150“ to 270" . 

S5 

54 

08 

Distillate, above 270 ' C. 

5 

10 

9 

Kesidue, at 300“ ('. 

3 

13 

3 




— 

— 


100 

100 

100 
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The sample of kerosene, “ White Rose,” obtained direct from 
America, is of fairly uniform composition, 85 per cent distilling 
between 150° 0. and 270 ( Another Am(*ri(‘an burning oil, Water 
White, ’’ althoiigli of low s])eeific gravity, 0-78, has a liigh flash 
point, 108° F. ; the lirst dro]) is distilled at li(]uid tom])erature 
175° C., and lx ‘low 215° t^, 55 ptr cent by volume comes over. 
The other samples consist of mixtuni^ in larger ])ro]X)rtlons of light 
and heavier hydrocarbons.* 


HnniF.ii (’ xT.oiin'fc \'ai. 

iOK Ol- “ 

IloYAn I.)a\ij(:mt” 

VKO Fit M 

•THINS 

Korosone 

and 

Disl illatc's 

Volniiu' 

lier 

Cent 

Spocifir 
( 1 ra\n1 y 
at 00" k 

Weight, 
of 1 gal. 
of Oil 
lb. 

Calorilic; 
Abilue, 
ibTb.r. 
lU'i- lb 

Heat. 
I^Xn)l vf*d 
by f-acb 
Iractioii, 

H Th.U. 

( Viloritic 
ValiiP 
of Oil, 
KTli.r. 
])or lb. 

“UnyalDaylif^lit'’ 
t’ rad ions 


0-797 

7-97 

20,100 


20,100 

Holow 150" C. 

2;t 

0-74H 

1-72 

20,2S(; 

54,890 


150" to 270" ('. 

54 

tesoo 

4-:i2 

20,124 

S(>,940 


Above 270" 

25 

0 S40 

1 -95 

19.410 

57,520 


Total Distillab's 



100 


7-97 


159,550 

20,000 

(’arl)on in 1 11). oil 



0 857 

i:b.500 : 

--- 11,51)9 


Hydro^i^i ,, 



0 142 

(;o,s9o - 

.S,(i40 

20,215 


The higher calorific value of the original samjih^ of ‘‘ Royal Day- 
light,” taking the average^ of several tests in the bomb calorimeUu', 
is 2t),100 B.Th.U. JXT lb. ; and th(^ sejmrate distillat(‘s, allowing for 
the proportion by weigtit of (‘ach pr(‘sent in the sample, giv(‘ a. total 
licating value' of 20,000 B.Th.U. ])er lb of the mixture. 

The lower caloritie valiu' of “ Royal Daylight " by combustion in 
ail', at constant pr(\ssurc, in the Junlo'r calorimetiT is 1 8,640 B.Th.U, 
l)cr lb. This low value is jirobably due to thenn'thod of vaporizing 
and burning the oil in the primus coil lamp at constant pressure. 

Cakailation, from the ultimate analysis, by t h(^ formula (1) gives 
20,215 B.Th.U. pm- lb., which is slightly too high. Fvery pound of 
oil burned produces 9 X 0-142 1*278 lb. of steam, which, in con- 

dt'nsing at 212° F. and cooling as water to 00° F., gives out 1-278 
X 1122 - 1,4.34 B.Th.U. The difference, 20,100^ 1,4.34 - 18,666 
B.Th.T^. ])er lb., is the lowc'r calorific valuf', wliicli is in close agrec- 
ini'ut with the value obtained in the Junlo'r calorimeti'r. The heat 
actually measured in the calorimi'ters includes the latc'nt hcuit of 
the steam fornu'd, which is condensed and the wat(*r cook'd to the 
ordinary tciinperature 00° F. In the, Junker this water is colk'ctt'd 

^Journal Soc. Arts, 29tli April, lS9l ; atso ihjd., “ ('ant or J..iH’liires on 
‘ Fsrs of Pelroleinn in Priino Movers.’ ” iS‘)2. 



230 


APPLIED THERMODYNAMICS 


and the lieat given out in cooling deducted to determine the lower 
calorific valui‘. All thc^st' d(d(Tminations by the bomb calorimeter 
differ by less than half of 1 per c(‘nt from the average value. 

llinilliK C^Vl.OUrFK’ V'aTAJK of “ KessOTiCM ll ” and KjtACTlONS 


Oil and 
Distillates 

Volume 

]U‘r 

(Vnt 

S[)ecifi.c 
CravitA'^ 
at 00° F. 

Weight 
of 1 gal. 
of Oil, 
lb 

Calorilic 
^^alue, 
B.Th.U. 
per 11). 

Heat 
Fvolved 
by each 
Fraction, 
B.Th.U. 

Cal on tic 
Value 
of Oil, 
B.Th.U. 
per lb. 

Refined Russian 


X 

6 

8-25 >: 

: 20,280 


20,286 

Fractions — 







Below 150° 

20 

0-793 

1-59 

19,810 

31,550 


150° to 270° 

08 

0-S25 

5 01 

20.385 

-- 114,300 


Above 270° C 

12 

o-Ht;o 

1-04 

19,909 

20,77t) 


Total Distillali's 

100 


8-24 


100,080 

20,228 

Carbon in 1 lb. oil 



0-80 

13,500 

- 11, OH) 


Hydrogen ,, ,, 



0 14 

00,890 

- 8,525 

20,135 


The total calorific value of the distillatt's bunuHl in the bomb 
agro(\s clost'l}’ with that found by burning th(‘ oil its(df. TIh' lower 
calorific value of the sample of " Russolene " burm^d in air al constant 
pressure in the Junk(‘r calorimeter is 18,870 B.Tb.U. per lb. 

Calculation, from tlu^ ultimate analysis, by formula (l)|gives 
20,135 B.Tb.U. ])er lb. Ever}' pound of oil burn(‘d forms 9 x *14 
— 1*26 11). of steam, which, in condt'nsing at 212° E. and cooling to 
60° F., gives out l-2() : 1,122, or 1,414 B.Tli.U. The diff(Teace, 
20,286 - 1,414 — 1 8,872 B.Tb.U., tlu‘ lower calorific value, is in 
remaikabl(‘ agrei‘m(‘nt with tln^ vahu‘ obtaim^d by diris't mc^asure- 
ment in the Junk(‘r caloriimder. 

Example 9. Ttir; unaly.siH weight of petrol, of sp(‘rific gmvity 0-7li, is 
C, 84'(i ; 15-4 yier coni. CalculuO^, (a) the hiL;h(*r mul lower caloritic values 

of the ])etrol (/j) the euhic fo(‘t of air required for eoin])lrto (jornbustion of 
1 lb. of j)«‘lrol ; (f) file heat energy evolved by the eoinliustiou of 1 eub. ft. 
of tlio explosive mixture, wlueh contains 2 }M^r cent by volume of petrol 
vapour with air, m the engine cylinder, tliveii : the lower ealorilic valutx 
in H.Th.U. ]ier jiouiid of carbon, and hydrogen in a liquid hydrocarbon is 
13,500 ami 52.200 ri'speetivM^lw The heat needed to vajiorize the petiol is 
140B.Th.lT. per pound; and lib. of air occupie.s 13 cub. ft. at the atmo- 
spheric pressure and temperature ; also the densitiy of petrol vapour is 3 25 
times that of air. 

(a) The net h(?at given out by 1 lb. df liquid petrol in burning 
to (X) 2 , th(‘ steam fornn'd being cooled only to 100° C. is- - 
Carbon O-SUi X 13,500 - 11,421 ll.^’h.LT. 

Hydrogen 0-154 x 52,200 S,039 „ 

and th(‘refore the lower calorilk; value -- 10,400 B.Th.U. per lb, 
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The steam formed from the hydrogen is 01 54 X 9 = 1-386 lb. 
The latent heat of the steam at 212° F. is 970 B.Th.lJ. ])er lb., and 
the condensed water coohul to 60° F. has 212-60, or 152 B.Th.U. 
abstracted ; a total of 1 ,122 Tl.Th.IT. per lb., that is, for the amount 
of steam formc'd, 1 *386 :< 1 ,122 1 ,555 B.lli.U. Tliis heat is usually 

deducted from tht^ high(‘r calorilie value to giv(^ the lower value ; 
the'r(‘fore, tlu^ higher ( alorilie vahw^ is 19,460 ]- 1 ,555 - 21,015 
B.Th.U. p(u- lb. 

Sinc(‘. p(^tr(d vapour at 60° is 3-25 times Jieavi(‘r than air, 
I lb. of the vapour occjufhes = 4 cub. ft. ; and 1 lb. of liquid 


petrol, of s])ecilie gravity 0-72 at 60° F., occupies 0 0223 cub. ft. 
The calorilie- values determined by experiment in the bomb c.alori- 
nu'ter ar(^ giviui from the liquid state. If the petrol were all in tlu^ 
state of vapour bcdorc e-ornbustion in the explosion ('ngine cylinder, 
its low(T ealoritic value would b(^ iTicr(‘ased by that part of tlu' 
heat of combustion which is iH‘(‘(led to vaporize th(‘ li([ui(i pc'trol, 
and whieli do(‘s not a|)j)(‘ar as heat in tlu‘ (hdermination by the 
ealorimet(*r. H(‘iic(‘ the lat(‘nt h(‘al of (‘vaj)oralion should bt‘ addt‘d 
to th(^ low(‘r caloiihc value of th(‘ licpiid to give* tlie available heat 
of combustion of 1 lb. of pcdrol vapour: that is, 19,4()() + 140 ^ 
19,600 B.Th.U. Moj(^ cornatly, the latent lu^at of thc‘ fu(4 at 
comtanl rohimc only sliould be added, which is h^ss than the latcmt 
lieat at constant alin()S])heri(; pr(^ssure by the eiiuivah^nt of tlu^ w'ork 
done in tlu^ (\\])ansion or change in volume from liquid to vapour, 
14-7 X 144 

namely, 140 ~ — (4 - 0 0223) — 130 B.Th fi. nearly, or 


about rt 
lo 


of 140 B.Th.U. at constant pressure. 


(5) Again, the oxygtm required for the com])l(‘t(' combustion of 
the carbon and hydrogen in 1 lb. of p(‘tr(>l is 

0 H4f. X ^ + ()-ir)4 X 8 --- 2-256 f 1-232, or .3-488 lb. 


Air contains 231 j)er cent by AA^eight of oxygt'u, and tht^ air 

3-488 ' 

required to sui)ply 3-488 lb. of oxygen 


ratio lo air lo jadrol by w'(‘ight is 15-1 to 1 lb., also thc^ volume of this 
weight of air, at 60° F. ami 14-7 lb. per sq. in., is 13 X 15 1 = 196 
cub. ft. This air is 98 cent of thci c-orriH i ('-xplosive mixture, 
since the od vapour occ-epies 2 per cent, and, therefore, the total 
volume of explosive mixture^ of 1 lb. petrol vapour with air is 

196 X ()g ’ 200 cub. ft. at ordinary temperature and pnjssure. 

Hence the volume of 1 ll>* petrol vapour is 200 - 196, or 4 cub. ft., 
Avhich agrees with the value found above. 

16 — ( 5434 ) 
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(c) Tho hoat energy evolved by burning 1 cub. ft. of tbia mixture 
19 600 

in the engine cylinder is — 98 B.Th.U., or 76,244 ft. -lb. If 


the inixturt^ Avt're at 32"" F. or 492° F. (abs.), inatt^ad of 60° F., and 
the saini^ pressure, the heat energy liberated by burning 1 cub. ft 

would be 98 X , or 103;57 B.Th.U ; and the heat energy per 

10:i r)7 X 778 


cubic inch of th(* mixture is equivalent to ■ 


1728 


= 46-6 ft.-lb. 


Further, (^xperiimait shows that (at normal tempiTaturc* and 
pr(\ssur(‘) the specific volinm* of the products of combustion of 
])etrol vapour and air is 1*05 times that of the mixture* before com- 
bustion, and tlu^ total energy available by combustion becomes 
46-6 X 1 05, or 48-9 ft.-lb. per cub. in. of the mixture. 

Mr. H. II. Jlicardo carri(*d out an extensive experimental investi- 
gation* into the behaviour of various hydrocarbons and their 
influencu* as fuels on the p^Tformaiice of internal combustion engiiK's. 
Table IV giv(‘s the lu‘at values of ditferent hydrocarbons, whicih 
are constituents of most of the available volatiU* hydrocarbon 
fuels. 

Th(* heat of combustion of the fiud and air* mixture is expr(*sscd 
in the (M(uivalent foot-pounds of h(‘at enei*gy evolved by tlui com- 
bustion of 1 cub. in. of a mixture of fuel and air, nu‘asured at 
standard temperature and ])ressure, and in the proportion for 
complete combustion wh(‘n all tlu^ oxyg(*n in the air is combined. 
In hydrocarbon fuels like “ petrol ” (containing h(‘Xfine, heptane, 
and octane), the specilic volume of the mixture aft(U’ complete 
combustion is gr(*aU*r than bed’ore it. Th(*r(‘ is thus an increa.*^^ in 
th(* number of moh^ailes in the working fluid mixture during com- 
bustion and the total ini(‘rnal miergy of tin* burnt mixture is 
increas('d, since, at tin* same temperature, the pressure will be 
projiortional to tin; number of molecules ; and the energy will be 
equal to the ])roduct of tin* heat of combustion of the fiud, wln*n 
burnt with the nec(‘ssary quantity of air, and the ratio of the specific 
volumi* ai't(*r combustion to that before it. In the case of benzene 
and the mixture of the aromatic group (Tabh' I\'), known as 
“ benzol,” tln*r(‘ is only a slight increase in specitic volume, about 
2 per cent after combustion with the theoretical amount of air, 
about p(;r cent with the paraflins, and nearly 6 per cent increase 
in th(‘ alcohol and air mixture* ; wln*reas for carbon monoxide and 
hydrog(*n tlu; decrease is 15 per C(*nt, and the mixture of coal gas 
and air also decrease.s in s})ecitic volume (pp. 198 and 199). 

Owing to the gn*ater specific gravity of benz(*ne and other aromatic 
hydrocarbons, their h(*at vahH*s jier gallon are great(;r, and the per- 
r(‘ntag(* of tlu* h(*at converted into work is also greater, than those of 
tlie paraffin series, although their calorific values per pound are lower. 

‘ * The A utoinohilv Etufineer^ l!)21. 



TABLE IV. On. Fri!L Characteristics (H. R. Ricardo) 
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Liberated by 
Combustion 
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Combustion 
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The last column gives the remarkable result, confirmed by many 
experiments, that, provided the fuel is comj^letely evaporated and 
burned at suitable pressure in the engine cylinder, the energy content 
and the maximum power obtainable from all the various volatile 
hydrocarbon fuels, or from any combination of such fuels, is 
])ractiea]ly the sann^, within narrow limits, except only the aleoliols. 
Ill a Cfise where the total internal energy is lower, the latent heat 
is generally higher, consequently the fuel air mixture taken into 
the engine cylinder will be at a lower temperature, allowing a greater 
weight of charge' to bo admitti'd, with greater volumetric effieuincy, 
sufficient to make up for the lowin' internal energy. 

li'or instance, the energy liberated by the combustion of a cubic 
incli, at standard temjieratiire and pres.sure, of benz('ne-air mixture 
is a little lower than that of the paraffins which form the greater 
ju’oportion of pidroLs. But the latimt heat of benzene is much 
greater, i.e. 172, and the mixture called motor benzole l(>4, B.Th.U. 
per lb. Take the sjieciiic heat of the fuel 0-5, and that of air 0-2375. 
The heat capacitv or water equivalent of the air- fuel mixture is 
13-2 X 0*2375 I- I X 0*5 == 3*635 lb. 

If the latent heat of I'vaporation of benzene were taken from the 

172 

mixtiiri^, its fall in tempmature would be -- 47*2'’’ F. ; whereas 

3*b3o 

with tht^ octane- air mixture the drop in tinnperature is only 31*4° F. 
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The light and more volatile fractions of ordinary petrol consist 
of either hexane, cyclohexane, or benzene, and these render possible 
the starting of an engine from cold, by “ flooding ” the carburetter 
to give an over-rich mixture (p. 316). 

Tt will be seen by the Tables IV and V that, of these volatile 
constituents in petrol, the air to fuel ratio is about 14-7 : 1, to form 
mixtures giving complete combustio/i. For ethyl alcohol, of the 
weight of air in the mixture must consist of fuel vapour. The 
average latent heat of evaporation, in B.Th.IJ. per pound, of petrols 
is about 135, motor benzole 164, and c^thyl aleoliol 397. The latent 
heat absorbed in vaporizing 1 lb. of aleoliol is 2-5 times that taken 
by 1 lb. of pe^trol ; and 1 -6 times the weight of alcohol is required to 
give an inflammable mixture with a given cylinder full of air, so 
that 4 times the quantity of heat is required to give a combustible 
vapour mixiur(^ with alcohol as compared with petrol. 

With petrol “ F,” a light aircraft spirit of boiling range 60° to 
150° C., winch has a vapour pressure of 68 in.m. mercury at 0° C., 
an engine is easily startc^d from cold. 

The available energy of (‘ach fuel when burnt in the state of vapour 
in the engine (cylinder is taken equal to its lower calorific value in 
the liquid state as burnt in the bomb calorimeter, plus its latent 
heat of evaporation, b(‘cause this amount of heat is add(^d in 
vaporizing th(‘. liquid fuel. 

Gas Calorimeter. Insb^ad of making a eliejuical analysis of 
li(|ui(l or gaseous fuel to estimate its calorific valu(‘- by cakailation 
from th(‘ comhustibk' constituetits burnt separately, a far simpler, 
better, and more practical way is to d(‘t(‘rmin(‘ tlu' (‘aloritic value* 
of tlu' gas dir(‘ctly during the engiju^ trial ])y burning it with air 
in*a gas calorimeter like* tliat d(*vis(*d by Junk(*r or Professor (t V. 
Hoys. 

tlu^ Junk(‘r calorinu‘ter, Pigs. 83 and 84, consists of a combustion 
cliajnb(*r, (\ surrejunded by a Avatcr jacket, fitted with a large 
numb(‘r of thin copi)er tubevs shown in S(‘ctional ]jlan, Fig. 84. 
A curn'iit of cold water (‘liters the waiter jacket at the bottom by 
an annular space, w ith [)erforatt‘d ring to distrilmte and st(*ady the 
flow. Tin* w ati'i* surrounds the tubes and flows upwards at a steady 
rat(‘ uiuU'r a head,” k(*})t constant by the ovc'rflow' at the funnels 
in tlu‘, su})ply and discharge vessels. There* ai-i*. akso battle plat(*s at 
tlu* to]) of th(^ water jacket. The rale of flow' is ri*gulatf*d by means 
of a cock with a [lointc'r and graduat(‘d dial at the inh*t to tin* 
calorim(*t(‘r, in ord('i' 1o adjust tlu* rise of temjM 'ratine* in tlu* 
calorimet(*r. 

The ])roducts of combustion of the gas or oil vapour, from the 
burner in the combusuon chainbt^r,* niter the copp(*r tub(*s at the 
top, as shown by the arrows, jufss downward j and(*sca})(*d>y a butterfly 
valve. The heat evolvecj by the. combustion passc's through the 
large; surface of thin copper to the cooling water, and the burnt 



236 


APPLIED THERMODYNAMICS 


products are reduced practically to atjnosphcric temperature by the 
coldest water around the lower end of the tubes. The steam, formed 
by burning the hydrogen in the hydrocarbons, is condensed inside 
the tubes, and after their surface is all wetted, the water drips down 



Outlet 

Fjti. S3. -lUNKIiJl (^VS AND On. CAl.i)KIAlJ!:TJ;U 


and is (“ollccted in a small measuring glass. lattml limit of this 

st(*ani, given to tin* ('ircnlating watcu' and to b(‘ subtractii‘d from the 
total iieat, is detc'J’inined from the amount of condensed water 
formed j)(*r caibic foot of gas l^urned. This wa^ivr is also a measure 
of the hydrogen conb'nt of the' gas or oil fmh Thi‘ water jacket 
is suTTound(Ml by an annular air spac(‘, (closed at the* top, which, with 
the polished nickel-plated outer surface; greatly reduces loss by 
radiation. 
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The gas to bo burned is passed through a small motor, roadiiig to 
the hundredth of a cubic foot, and fitted with a gas governor or 
regulator to ensun^ constant pressure, which is measured by a 
U-shaped water gauge manometer tube. The barometer reading 
must also be takem to obtain the absolute^ ]3ressure of the gas supply. 
The temperature of tlie gas leaving the metiM' is obsm ved so that 
the cubic feet of gas burm^d may be reduced to standard temperature 
and pressure. Th(' siz(‘ of the fiamo and its position in the com- 
bustion chamber can be adjusted. The flame can be seen during 
a test by a mirror phu'c'd below the combustion chain bi^r. Whtm 
the flow of wat(‘r is adjusted, the tem])eraturc^ of the outlet water is 
(H)nstant, and th(‘ drip of tlu^ condtuiscnl water stc^ady, measurerni'nts 
are to b(‘ made of lh(^ caibic of gas burned, and the cooling 
water jiasscnl tlirougli tlie calorimetcu’ in the same time is collectt'cl 
and weighed ; th(‘ outlet and inlet temperatures ai i* observed every 
minute to obtain the mean rise in temporatuj*e, and tlu^ (iondensed 
Avater collected and weighed. The latter may b(' collected from tin* 
gas burned for a longer period. The tem])erature and pressun^ of 
the gas supply is noted ; also th(^ n^admg of tlu^ l)aromcter. In this 
way the higher and lower calorific- value's an' di'termined without 
th('. trouble of colle(;ting sam])les and without any cheitiical analysis. 

Example 10. 'I'iu' used m a Ljas tri.il was ((‘-Ktc'd iii a .hinUi'r 

•aloniiK'trr and tlie fnllcn^'nlJ^ resulls W('r(' nbtaiiu^d : (Jas burned in ealori- 
neler, - \ ‘\ cub. ft. ; iirossiiro of pis su])|)lir‘d, - 1 in. of watiu' ; ti‘in[)eraturo 
)f gas, 1 1.7*^ C ; weiglit of water boated l>v gas, H It). ; jni'an t(‘]ii])erat\iro 
)f water at inlet, 8*(j® (\, and at outlet, t" t’. ; sti'am eondensial during 
lest., 0‘110 lb. ; and tc'uiperutun' of steam coiub'nsed during test, 25^^ 

D(',tennin(‘, the higher and lower e.alonlie values of the gas per eubie foot ai 
15 6° C’., and baroinetrie pressure ilttin. ol nu'fcurx . (Sjieeilie gravity of 
mercury llb(i.) {( ' . 1.., Ji.Sc (Ki\(j.).) 


Barometer, 30 in. of mercury = 14 7 lb. per sq. in. ; 1 in. of 

14-7 

mercury is - = 0-49 lb. per sq in ; and 1 in. of water column 

■49 

-~= - =: 0 036 lb per sq. in. ; so that 21 in. of w^ater — -036 X 2-1, 

or 0 0756 lb. per sq. in. Therefore, absolute prtjssurt^ of gas supply 
is 14-7756 lb per sq. in. 

The temperature of gas 11-7" C. -f 273° - 284-7° C. (abs.), and 
the volume 2-13 cub. ft. is to be rccluced to that at 15-6° + 273 
or 288 6° C. (abs.). 

L('t pi, Vj, and p, r, T be th(^ observed and standard pressure, 
volume, and ti'inpcrature respectively, then 

pv 

T 


Pi^’i VyI 


21.^X 14-7756 X 288-6 
14-‘7 284-7 


= 2-17 cub. ft. 
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Heat given to raise 50-3 lb. water from 8-6° C. to 22-4° C. is 
50-3(22-4 - 8-6) — 694 1 4 C.H U. This includes the latent heat of 
steam, 539 C.H.U. per lb. at atmospheric pressure, and (jooling of 
condensed water from 100° V. to 25° C. = 75 C.H.U. per lb., or a 
total 614 C.H.U. per lb. H(uiee the condensed sb^am gives out 
0*116 X 614 == 71*22 C.H.U. The heat available in the engine 
cylinder from the gas burned^= 694*14-71*22, or 622*92 C.H.U., 
when the steam in the burnt ])roducts is cooled only to J00° C. 

Therefore, hightu* caloiific value of the gas is 
694*14 

— ^ =- 320C.H.U. per cub.ft., 

and till' lower calorific value of the gtis is 
622-92 

— 287 C.H.U. per cub. ft. A n^swer. 

'^riiese results, niulliplied by 1-8, giv(‘ the (‘alorific' valu(\s in 
B.Tli.U. per cubic foot. 

In ord(‘r to determine the calorific valne. of liquid fuels, when 
burned with air at covstani pressure, a Prmius lamp, fitted with a 
\a])orizing coil and special buriKT, may lu‘ ustd. Tin* oil to be 
tested is y)ourcd into lli(‘ cistcTii of tlu* coil lamp and, wlie^n the coil 
is lu'ak'd by burning a little inidliylateil spirit under tin* coil to 
start th(“ lamj), air is ])iim|)ed into tlu‘ cistc^ru. When tlu' flame 
is steady and indic ating complete' combustion, the lain]) is ekjni)ed 
to OIK! ar]n of a spi'cial balance' with counterpoise' ’wi'iglit. Inc' coil 
buriK'i' hajigs free'ly in tlu' combustion chamln'r of the* Junlu'r 
caloriiiK'ter, Avliicli is I'aiseal on longe'i' l(*gs than wIk'ji a Bunsf'ii 
burner is used for gaseous fuels. • 

Th(‘ we'iglits in the scab' ])an are adjusti'd foj' balance mIk'ii the 
lieated vatc'r from the calorinu'ter has alt aim'd a constant tem- 
pc'ratuR'. At llu' instant uIk'H tlu! long pointer of tlu' balance is 
])assiiig zero on tlu' dial, removt' a Avi'ight from llu' scale ])an and 
coll('('t the wati'r flowing tJirougJi tlu' calojiiiK'ter at a steady rate, 
obst'rve its nu'an rise of tejujicratiire until the j)oint(‘i‘ is again 
passing tJu* zero, balanei' having been ri'.ston'd by tlu' \^ eight of oil 
burne d. '^Fhe lu'at givc'n to the water is llius nu'asured for a known 
MC'ight of licpiid fuel bunu'd, tlu' usual rc'adings having bi'cn taken 
as when gas is burned. 

Again, afti'r adjustment of tlu* flame and balance', anotlu'r we ight 
may be' take'u off tlu! scale' pan, and further rcadiiigs noted to ve^rify 
the' ])re'^ ious de'tc'rmination Tlie* steaiu forme'd by burning the 
liquid fuel is conde'iise'd in the* wate'i* jacke t anel colie'e ti'd in order 
to obtain th(! lower calorific vfdue^ of the* fue*!. 

Heavy oil fue'ls, tliat are! vjscous aiid diflieult to e'vaporale, are 
mixe'd with ])e'trol or eether light oil of knf)wn e aloritio value, and 
th(! calorific value of the! mixture obtairu'd, care be'ing taken to 
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avoid partial volatilization of the petrol or light oil in the mixture 
before combustion. 

Liquid Fuel for Power Purposes. Liquid fuel must be pulverized, 
sprayed, or broken up into extremely fim*. particles, like fog or mist, 
and intimately mixed with the necessary air, heated to the ignition 
point, to ensure complete combustion. I'he particles of liquid arc 
changed at once into vapour and burn rapidly. 

Many types of burners arc used to break up and inject heavy 
liquid fuel in a fine spray cloud under steam boik-rs, by an air blast 
or a steam jet. 

Thti Hokkm burner,* Fig. 85, a common type used on locomotives, 
acts like an injector. Superheatt^d steam enters around CD and, 
passing through th(‘ annular space towards the nozzle, not only 


.. LtCfUU Fuel, 



Ste&rn 

FkJ H~) JIoLDh.N LiQI ID-l'rKI. 1 N ,) l^JCTf )H 


heists the liquid find in the conical passage^, around it and injects it 
as a liiu^ spray, but also induces a strong current of air in the central 
com* of the burner. Tlie three j(*ts converge to and mix at the nozzle, 
vv h(*r(^ they arc^ brok(‘n up and projected into tlu* fir(‘-box, just above 
the surface of the solid fire Here the spray(‘d fuel air mixture is 
])lav(id on and formed into fog by inclined jets of stcain, from holes 
drill(;d in the ring blou(‘r around the nozzle, wliich converge at a 
])()int about bin. in front of the nozzle. The fire-grate is covered 
witli a layer 3 or 4 in. de(*p of broken fire-bricks ke]it incandescent. 
The air pi])e to the fuel injector is connected with heaters fitted in 
th(‘ smoke-box, so that the air enters tlu* injector at about 200° 0. 

The oil is filtered through a wire-gauze strainer into the oil tank 
carried on the t(aid(T, and in cold weather the thick, heavy oil is 
k(‘pt thin and less viscous by nutans of a warming coil heated by 
exhaust stc'am. 

The fire-box is ai ranged to burn eitjier coal, licpiid hydrocarbons, 
or both combined. The actual equivalent eva])oration per pound 

* Jounial of the Society of Artti, ISOl ; ami Proc. If ft. C.E., 1910-11, 
\ ol. 185, Tari 3, p. 340. 
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of fuel ill the boiler fired with Russian ostatki is 14 lb. of water 
from and at 212® F., and for economy the maximum price allowable 
for liquid fuel may be a little higher than twice the price of coal. 

In another type of oil fuel burner used in rnarine boilers, a conical 
jiointed piston acts as a Regulating valve, having holes drilled in it 
inclined to the fac(‘ through which tht^ oil is forc(^d by a pump, and 
enters the boiler’ furnace in a whirling vortex, to bo intimately 
inixc'd with a vortex of air blown through an annular channel, 
formijig a fog or cloud which is complett^ly t)urned in the furnace. 

Gaseous Fuel has several well-recognized advantages over solid 
fuels : (1) Gas can be made in bulk from coal, and economically 
distributed through ])ipes ; (2) completes combustion is obtained 
undt^r ideal conditions Muth a minimum exc(‘ss of air, and without 
smoke or dusi nuisance^ ; (3) the rate of combustion of gas is 

completely unchu’ control, and can be varied at will ; (4) higher heat 
intensity or temperature is attained with gas than with solid fuel, 
and th(' (‘ost of fu(d foj’ a regeiKTative gas-fired steel furnace is 
much l(‘ss than that of a coal-firiid furnace, owing to the quality 
and consumption of ( oal re((uir('d. 

Natural gas consists mainly of methane or marsh gas, formed by 
the' decomposition of organic matteT. and may be dise'iigage'd in any 
stagnant pool by stirring the mud Thv. ('scayjiiig gas contains 
nearly equal parts by volume of methane' and nitrogt'ii, with 3 ])er 
ct'nt carbon dioxide', (’oal seams contain occhide'd gases, and 
me'tliaiK' in a blower " is known to the^ coal miner as //re rlanfj). 

Th(' occluded gas in some freshly-won steam e oals e'ontains : 
(IH4, 60 to 80 pe'i’ cent ; other hydrocarbons, 6 to 8 ])('r cent ; and 
CD2, 1 to 12 per cent by volume ; also 00. 

Natural gas dissolve's in jJe’troleum, and ('scapes the're'from, caih'v- 
ing with it ])art of the' oil vapeiur, which eondenses when the gas 
is compre^ssed. 

The paraffin constitue'iits, chiefly me^thane' and ethane', in the 
Pittsburg natural gas contain by weight, carbon 75-4 per cent, 
and h^^drejgen 24 0 jier cent. An average analysis is : methane, 
87 ; ethane’, 6-o ; e'thylene and carbon monoxide, each 0*2 pt^r 
e'cnt ; helium, O-l per cent ; the* balanee bediig made' uf) of H2, Og, 
anel N.,. The specific gravity is alieiut O-Ol, and the c-aleirific value 
403 (\H.U. pt'r eub. ft. Many te'-sts in the Junke'r ealeirimeter ed 
natural gas c:ontaining OH4 11 [) to 05 ])e‘r eie'iit, give', in rounel numbe'rs, 
555 C.H.U., e.r 1,000 P.Th.V peT cub. ft. at N.T.P. 

Tlie^ escape; ed natural gas from the* wedls re;due'cs tlic pre;ssure3, 
and pumps are' used to e'ompre;ss the gas, \* lue*h is e-eaive'yed in pipers 
frejin 16 to 6 in. in dianu'te’r. Thei hiss ed pre^ssure' by skin frietiemal 
resistanee le) the* fie)W' ed the' gft-s in an 8 in. ])ij)e is abemt 2-5 lb. pe^r 
sq. in. per mile, and in a 6 in. ])ipe 5 lb pe'r sq. in. Thus, in a pipe- 
line 8 in. diamc'te'r and 70 mib'S in le‘ngt|i, the jire'ssure of the gas 
leaving the; pumps is 210 lb. per sq. in., and at the delivery sujqily 
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end 41 lb. per sq. in. (abs.) ; the rate of flow being 221,000 cub* ft. 
per hour. 

Coal gas is obtained by the distillation or carbonization of bitu- 
minous gas-coal in closed retorts, heated externally at high tem- 
perature to distil the hydrocarbons from the coal out of contact 
with the air, and yield crude coal gas which, when purified, is dis- 
tributed in towns for lighting, heating, and powcT purposes. The 
quality and quantity of the coal gas per ton of coal vary greatly 
with the comj)Ositio7i of the coal c>arbonized, as wt'll as with the< 
iomjierainre of th(^ retorts, and the time the distillation is allow(id to 
continue. 

Low teinjjcrature carbonization at 450° to 000° C. yields 2,000 to 
4,000 cub. ft. of gas per ton of coal ; and high tc^mperaturo, 900° to 
1,100° C. yields 10,000 to 13,000 cub. f1 . of gas per ton of coal. 

The gas formed at low tempe^rature is rich in hydrocarbons, and 
the semi-coke contains iij) to 15 per cent volatile matter. The gas 
made at 950° C. consists of the coinbustibles H,, 40 to 50 ; 

25 to 35 ; other hydrocarbons, 2 to 5 ; and (^0, 5 to 10 [)cr cent, 
and has calorific va]u(‘ 500 to 600 B.44i.U. per c ub ft. 

The scarcity of canncl and rich gas coal for admixture with 
ordinary bituminous (‘oal in tln^ retorts, led to the us(i of hydro- 
carbons from oils to (mrich t.h(' sinifde straight ” (;oal gas. The 
latter is also mix(‘d \Nith carburetted water gafi, produced by the 
action of stt‘am on incajid(\scont colo^ and (U)rich(‘d by the products 
from the vaporization of cheap hydrocarbon oils. This mixed gas 
contains a ]arg(^r percentage of carbon monoxides Tabh' VI gives 
cxanipk^s of coal gas used in special r(\s(‘arch work on gas engines. 

• PABLK VI 

(Composition and Calorific Valuk of Coal Gas 
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The calorific value o£ gaseous fuel is dctcuinined by burning the 
gas hi a calorimeter (see p. 235). In ordt^r to calculate the calorific 
vahie of a gaseous fuel, average samjiles of the gas arc taken, and 
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complete (jhomical analysis made to find its composition. By 
reckoning the sum of the calorific values of all the constituent 
combustible gases when burned separately as free gas, an estimate 
is made of the amount of heat evolved by the complete combustion 
of a cubic foot of the gaseous mixture, and in the subsequent cooling 
of the burnt products. The complete analysis requires skilful 
chemical manipulation in Ihe.vScparation and determination of the 
quantity of the various heavy* hydrocarbons present. The chemical 
analysis giv(‘S the volume or weight of eacli gas present in the 
compound or mixture', but affords no chu^ as to the chemical con- 
stitution, or tlu‘- way in vhich the elements are held together, or 
hov^ the conslitiu'ut gas<'s interact during combustion at the liigh 
temperatun^s m the cyliiuhT of the internal (lombustiou engine. 

The late Professor Vivian B. Lewes poinU'd out that our know- 
ledge of the spi'ciiic hydrocarbons prestmt in coal gas is so limited, 
and the exact dc'termination of the quantity of each present so 
fraught with difficulty, that no exact cak'ulatiou of the calorific 
value from the analysis of tlie gas is possible', and direct calorimetric 
methods become necessary for accuracy. 

iVn exaiu])le or two will illustrate tlie method of calculation - 

Example 11. A coal gas gives the following volimu'tnc analysis : Hj, 0-48 ; 
CJfi, 0 :U; CO, O-llO; N,. 0 (>2() ; CO,, 0 035; C-.H^, 0 025 ; 02,0 020. 
Calculate tlio higher ealorilic value of this gas, euiploying the usual carbon 
and hydrogen ligures, viz. 11b. 0, burning to h’O, evolves 2,420 C. H.U. ; 
burning to CO^, 8.080 C.ll.U. ; 1 lb, lU, burning to IToO, evolves 34,000 C.H.U. 

State the assumptions inad(‘ in such a eahailatjoii. Compare thf result 
with the value obtained wlien (he following culonfie values for the different 
constituents are used, (’alorifie values, C. HTh per cubic foot. H 2 , 191; 
CH^, 575 ; CO, 188 ; CM,, 930. 

[I'.L.. li.Sr. (/Oir/.), 1921 .), 

Given the calorific values of (■ and Hg pi‘r ])ound in order to 
estimate th(' ealorilic vaJiu*,s of the hydrocarbons })rcs('nt, it is 
assumed that thi' c-aloriiic \ alut'S of and are (‘qiial to the 

sum of till', calorific* value's of the carbon and hydrogi'n ])rcsent, as 
free ('lemc'nts, whi'u buriu'd si'pa.rately, without knowing (‘ither the 
amount of hi'at energy usi'd up in tiic decoiujiosition of the gases 
or the iutc'rac tion that ma^ Lak(^ ])laee b('.t\v(*en tlu' diffi^rent gases 
in the process ot combustion (])j). liOll and 22\). 

Taking tlu' dt'iisity of hydrogem at normal tmuperature and pres- 
sure ('qual to O OOoofi lb. pe r cub. ft , th(^ weight of 1 cuh. ft. of any 
gas is equal to half its moh'cuiar w (fight multiplii'd by 0-00559 lb. 

12 1-4 

Hence thi' dc'usity of (dT.^ "" 2 ' ^ ^ O tiOoofi, or 0 0447 lb per 

cub ft. ; and of G 2 H 4 ^ X 0 00550 ^ 0 078261b. per 

cub. ft. ; also CO — ^ ^ X 0 00559 ~ 0 07 826 lb. per cub. ft. 
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Now 1 lb. of ('H4 consists of C ^ ^^or^lb., and hydrogen lb., 

lb 4 J ry ^ 

so that these constituents, burning separately, evolve 

I X 8080 -I- I X :14,000 -- 6060 + 8500, 

or 14,560 (J.H.U Therefon^ the ealorihe value of I cub. ft. of CH4, 
which w(ughs 0-0447 lb., is 14,560 : : ('J'0447 — 650 C H.U. 

24 6 

Similarly, 1 lb. of O2H.4 contains carbon, - or -- lb., and hydrogen 
i lb., which, in burning, evolve 

? X 8080 I- i X 34,000 = 6926 )- 4857, 
or 1 1,783 O.H U., and 1 cub. ft. of has calorific value 
007826 X 11,783 - 922 (Ml U. 

12 

Again, th(^ weight of C in 1 cub. ft. of ( -O — 0-07826 y 0 03354 lb. 
caloiific value of CO 

-03354(8080 - 2420) - 190 (I U.U. per cub. ft. 

The calorific value' of hydrogem 

- - 0-00559 X 34,000 ^ 190 (Ml C. per cub. ft. 

H(‘nce the calorific value of this coal gas 

- 0-48 X 190 -[-0-31 X 650 bO-ll X 190 f-025 X 922 

- 91-2 + 201-5 + 20-9 + 23-0 

^ 336-6 C.H.U. per cub. ft., at N.T.P. 

Using ih(^ calorific values given for the combustible constituents, 
the calorific valuer of the coal gas 

• - 0-48 X 191 h 0-31 X 575 10-11 X 188 fO-025 x930 

91-68 d 178-25 + 20-68 (^23-25 
313-86, or nearly 314 C.H.U. per cub. ft. 

- 314 >: 1-8, or 565 B.Th.l^ per cub. ft. An,swer. 

Example 12. A proilucor gas ha.s tlio following peroftntago analysis by 
voluTUP : Hydrogen, IG ; carbon monoxide, ; carbon dioxide, G ; nitrogen, 
58. Determine, («) its liigher and lower calorific value per cubic foot at 
.standard temperature and ])rcHsure ; (t) the minimum amount of air for com- 
plete combiLStion : (c) tlie volumetric analysis of the products, if combustion 
IS comyilote. Calorific value of 1 lb. of carbon, burning to CO,, is 14,500 ; 
hurning to CO, 4,400 ; of bydrogen, G2,000 IbTli.U. Composition of air by 
volume : Oxygen, ' 2 \ : nitrogen, 79 jier cent. N'olume occupied by 2 lb. of 
hydrogen is 1157 cuV) ft at standard temperature and pressure. 

{V.L.^B.Sc. {Knj.).) 

2 

(a) Given the weight of 1 cub. ft of hvdrogon — ^ — 0*()056 lb. 

« Oi.) / 

/12 + 16\ 

Density of CO is f j x 0-0056 ^ 0-0784 lb. per cub. ft. 

Weight of carbon in 1 cut. ft. CO is 0-0784 X ^ - 0033G lb. 

AO 
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The ealt)rific* value of 1 lb. ca.rbon burning from CO to COg * 

- 14,500-4400 -= 10,100 B.Th.U., 

and the calorific valuer of 1 cub. ft. of CO 

- 0-0336 X 10,100 - 339-36 B.Th.U. 

Again, th(‘ higher calorific '»/alue of Ho is 

0-0056 X 62,000 - 347-2 B.^Hi.U. per cub. ft. 

Now lib. Ho forms 91b. steam, which gives out 970 B.Th.U, 
per lb. in condemsing at 212^ F. (100^^ C.), and, in cooling as wateil 
from 212“ to 60 F., 152 B.Th.U., that is, 1 ,122 B.Th.LJ. per lb., 
Inmce 9 lb. of steam gives out 1122 x 9 — 10.098 B.Th.U. \ 

tile lower caloritic value of hydrogen 

-- 62,000 - 10,098 -- 51,902 B.Th.U. per lb. 

and th(‘ lower calorific value of hydrogem 

^ 51,902 ^ 0-0056 — 290-65 B.Th.U. ])er cub. ft. 

Hene(‘ the lower calorilic value- of tiu- ])ro(luc(T gas, by burning 
its content of H and CO. 

0-16 cub. ft. 290-65 + 0-2 : 339-36 46-5 |- 67-87 

1 14-37 b.Th U. p(|’ ( ub ft 

and the higln-r calorilic value is 

016 > 347-2 1 0-2 • 339-36 - 123-4 B.Th.U. per cub. ft. 

An.'^itrr., 

(h) 2\\j 4 Oo — - 211./) and heat ])roduced 

2 volumes H tak(‘s 1 volume O to form 2 volumes of .steam, 

0-16 cub. ft. H tak(‘s 0-08 cub. ft. 0 to form 0-16 cub. ft. of 
steam. 

Also 2CX) Cg “ 2 CO 2 and heat evolved. 

2 cub. ft. H takes 1 cub. ft. O to form 2 cub. ft. CO., 

0-2 cub. ft. H lak(‘.s 0-1 cub. ft. O to form 0-2 cub. ft. COg 

Henc(! the oxyg(m n-fjuired for coniplete combustion of 1 cub. ft 
producer gas is 

0-08 + 01 0-18 cub. ft. ; 

and tht- inininuim amount of •air necessary to supply this oxygen is 
0-18 X ^ y imb. ft. 


Anmer. 
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(c) The products from tlic combustion of 1 cub. ft. of producer 


gas are — 

Steam (HoO) 


cub. ft. 

= 0-16 . 

■10 

■ 1 077 

O' 

, o 

: 100 -- 9-53 

CO.i 0-2 cub. ft. 

0 00 cab. f L in t'as 


! ■ 

•20 
■ iriii 

^ 100 10-51 

N.J in air supyily ~ 

No in t?aa ii.self ^ 

79 

100 

0 077 ( 1.2r>7 . 

0-.5.S ) 

1-207 
■ 1077 

^ 100 ^ 74-90 


Toial J’roduots - I 077 100* 


A7iswer. 

A Gas Producer oouvorls solid fu(*,l into cond)usti[)lo gas. When 
1 lb. of carbon is burnt in air or oxygcMi to ( ■(), the. heat liberated is 
2,420 (M1.U., arid, hv eoinpletely burning this gas to OOo, additional 
heat, 5,()()0 C.H .11., is liberated, making the total la^at of combustion 
of 1 lb. solid carbon 8,0S0(Mt.li. ^J'hus tin* heat availablij in the 
CO gas, and (‘volved by binning it, is 70 per (*ent of the total heat 
obtaini‘d by completely burning the solid carbon. The rimiaining 
.'10 per C(‘nt of th(^ total heat of the carbon is evolvc^d and goes to 
raiH(‘, th(^ temperature* in the fui'bbed. 

ft head and Wheeler shoM^c^d that whi^n dry air or oxygiiu is passed 
oviT purified wood-charcoal or incandescent carbon, th(j primary 
])royuct is a com])l(^x of carbon and oxygen, which rapidly decom- 
poses -into a mixture of both (K) and OOg in proportions which 
dejiend ujioii the ti'mperature. Karl W(‘ndt found by drilling holes 
through the wall of a gas produ(*er, working with an air blast upon 
a fuel-b(Hl of cokes 7 ft. 6 in. in de])th, that tin* gas at the fire-grate 
consisted of CO,, 15 ; CO, th7 ; and Ng, 75-3 ])er cimt, and at 10 in. 
above the gratti the tempcTatun* was 1400° C., and the gas at that 
level consisted of CO, 34*1 ; ('O 2 , 0-2 ; and Ng, 65-7 ])er cent. 

There are two ways by M'hich solid carbon may be converted 
into CO gas. 

With excess of carbon above 1200'M^, or insufllic.ic'nt oxygen, by 
th(* 7'(*action — 

2C -f 0-2^ 2(X) and heat liberated . . . ■ (f) 

that is, 24 lb. of C and 32 lb. of O, form 50 lb. of 1)0, and the heat 
(‘volved is 24 X 2420 (VH.C. 

l^hus, 1 volume of oxygen combines with carbon to form 2 volumes 
of CO gas. If all tlu^ oxygen in tlu^ hir is used up in forming CO, 

791 

the nitrogcui in the air with 1 volume of oxygen is or 3-785 

Volumes, and tlie producer gas will consist of 2 volumes of CO 
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mixed with 3-785 volumes of nitrogen. The composition of the 
gas is — 

--- H-785 — 65-4: p<‘r cent by volume 
CO 20 340 

f) 7S5 100 0 


The composition l)y weight will bi‘ tlK*! same as by volume, since 
(X) and N 2 ar(i of thc^ sanu^ density 

For the complete combustion of carbon with free oxygtoi in the 
1()W(T layiTS of th(^ fuel l)ed, the redaction is 

(y 4 (>2 — CO 2 and h(‘at libc^rated ■ (2) 

that is, 12 11). of carbon combined with 32 lb. of Og give 44 lb. 
and liberate 12 x 8080 (tH. IT. 

Again, this (-O 2 luay be reduced by carbon above*. 1200"’ (t, 

( 'O, f ( ’ - 2(!() and h(‘at absorbed 39,000 (MTU. . . (3) 

This doubl(‘ process gives the final n'sull, from 241b. of carbon, 
C -[- (>2 I C 2C0 1 (97,000 39,000) or 58,000 (! 11 U , 

as in e(j nation (1). 

All the oxygt'u ifi th(‘ air blast is (piic^kly us(*d up n(*ar tlu* lire-bars 
and the mixture of UO 2 and UO formed in contact with tlu* cjirbou, 
follows the reversible* r(*a(4ion, dejxjuding on the tempe^rati^'e, 

C + CO 2 - 2(X) 

From 850" (k upwards, (lOg is r(*(lnc(*.d to (JI), and veay little 
CO 2 r(*mains above 1200° (T ; wheri'as. from 250° to 500° ()., the 
r(*actioii is reversi^d and the jiroducts are (.‘(>2 and (J to the left. 

By the cons(‘rvation of en(‘rgy, the amount of eiuTgy rc^quired 
to decompose a compound substance* is (*cpial to the. (‘.riergy (*volved 
in its formation. 

The 30 pia' cent (2,420 (J.H.IJ. per lb ) of the total heat of the 
(airbon evolviM in its partial combusiion to form CO, go(^s to In^ep 
tht^ fire alight and maintain the high t(*mperature neecissary. About 
8 per c.(mt is lost by radiation and conduction, and a large pro- 
portion will raise the sensible heat of tlu^ gas. But the high tem- 
perature in th(^ ])roducer may become i‘xc.(^ssive, fus(^ the ash and 
slag, and form clink(‘r, which may cause serious trouble by blocking 
the air passagc‘s. In ord(*r to avoid too high a-t(*mperature and 
to incTeasc the efficiency of th(^ produciT 1)3^ n^lucing the 30 per 
C(‘nt loss, part of tlni sensible heat may b(‘ us(‘d to g(*.nerate steam 
to be addtrd to the air blast. ^ By tlu*. admixtures of st(*am with the 
air passed into the producer, heat is absorlx^d in thc^ decomposition 
of the st(^am, the oxygen of the steam combines with the carbon, 
and free hydrogen is addled to the gias, v hilc the tcm}X*rature of the 
producer is under control by the proj^ortion of steam in the blast. 



COMBUSTION OF FUELS 


247 


The gas formed in a ])roduccr burning carbon in a mixed blast 
of air and steam will consist ()f a greater proportion of the com- 
bustible gases H 2 and CO to the total volume of the producer gas 
than when th(' blast is air alonci. and therefore the calorific value of 
gas will be higher. 

Water gas is produc(*(l by tlu*. interaction of superheated steam 
with incand(‘seent carbon, and consists of a niixture, in nearly equal 
parts by \oluin(‘, of the c'ombustibh' gas(\s hydrogen and carbon 
monoxide. Ex])(Tiinonts bv Dr Bunt(‘ giv(^ the proportion of steam 
deeompos('d and the conipositioji by volume of the gases formed at 
various tem])eratur(\s 


Triii|iornl un'j 
Deproe ( '. 

rc'ivenlum* 
ol Si (‘ill 11 


of (las Fonnotl 


I )i“f*nniposf(l 

11 ydroirrn 
01.) 

1 ('arl)on Moiioxidr 1 

(ro) 

1 Carhoii I.)i 
(CO,) 

(i74 

s s 


4-9 

29-8 


25- :i 


7'S 

27-0 

.S3S" 

4 1 *0 

1-9 

15 1 

22-9 

954" 

70 2 


:j9:{ 

(i 8 

1010“ 

94 0 

4S-S 

49-7 

1'5 

l()(iO" 

95 0 

0 7 

4S-0 

1:1 

1 1 

99- 1 

0-9 

4sr) 

O'O 


The reaction b(d w(‘(‘-n stc'am and carbon commcuices about 500° C. 
and J)(dou' (iOO"" ( • ojdy 8 ])('r (‘ent of steam is decomposed, and the 
products arc*. princi|)ally carbon dioxide* and hydrogen, i.e. the 
rc'acdion is 

C ( 2H/)- (;()., 4 2 H 2 I 12 < 80S0-4 X 2!),OOOC.H.IT. . (4) 

- (Tlo 1 ^IL- 10,040 C.H.U. absorbed 
12 11). ('. d(‘comj)os(‘ 3() lb. sl<‘am, absorbing heat. 

As the* tern pc*rat lire* is raiscnl, the COg is reduced in the presence 
of carbon io C^O, until above 1000'' (A, the ideal reaction of carbon 
and steam in tin* manufacture* of water e/r/.s* gives CO and Hg in 
(*qual V()lum(\s, thus — 

C I H.O - (^O I H., -f- 12 X 2420- 2 x 20,000 C.H.U. . (5) 

- VO I 28,000 C.H U. 

121b. C decompose* 18 1b. steam, absorbing n(*arly 20,000 C.H.U 
from the heat of the incaii(h‘seent fuel in the producer. 

14i(‘ mixture* of gases fornu'd by the reactions (4) and (5) also 
interact, thus - 

above* KKKU(’, C-Oa I U., - (-0 -| fU()- 10,000 C.H .11. absorbed. 
at 500 ’(\ VO I H.p -- CO. 1 lU |- 10,000 C.H.U liberated, 
and the ri'action is ri‘versible— - 

CO h H^O . - CO 2 -h U.2 ± 10,000 C.H.U. 

17 (54;U) 
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In the practical working of a gas producer, these gases undergo a 
chemical change, depending on the temperature, which results in a 
mixture of all four gases. Generally, inert^ase of temperature 
favours the formation of CO, giving a ricli(‘r gas and higher efficiency, 
while at low^ temperatures a higher percentage of (X)^ is obtained. 

At any tcMuperatiire abov(‘ o0O° C. the ratio ^ X, the 

t A ^2 ^ tl 2 

“ equilibriulii constant,’' increases with tjie tcmpfn’atun*. 

Oscar Hahn found the values of K to change from about 1 to 2*49 
at various tmupcTaturcs between 800° C. and 1400° C. 

Th(‘ manufactur(‘ of watfr gas from coke is inter mifinif ; by alternate 
air blast or blow during 1 min. to raise tJie tenqieratun^ of the cok(; 
to incandescence, followi'd by th(‘ sup(‘rh(‘at(‘d steam blo\v ” about 
4 min., when the ideal gas by reaction (d) is collected until the 
temperature is redu(‘(“d too low . Then the ‘‘ air blow " is n^peated, 
and the “ steam blow' " passi'd all(‘rnat('ly up and df)w ti through the 
incandescent fuel. 

Carburetted Water Gas. In thi* Ijowv plant, tlu‘ i)roc(‘ss is to 
produc(‘ w'at(‘r gas from cok(‘ in th(‘ gas generator, to carry illum- 
inating hydrocarbon gas(‘s from heavy oil hc'atcd in th(‘ carburetter, 
and to gasify or mak(‘ [xTinanent gas of th(‘ oil vapour mixture in 
a snyerheater. 

Dowson Gas. To Mr. d Emerson Dow son is du(‘ the introduction, 
in 1878, of a comjiact jilant for making producx'r gas from anthraciti' 
or cok(‘, ch'aning and cooling th(‘ gas produced to driv(‘ gas (‘Rgines. 
In 1881, at th(‘ York Meeting of the British Association, Mr. Dowson 
showed his gas producer ])lanl worldng a If h j). Crossley-Otto gas 
engiii(‘. 

Dow son gas is made by a jet of high ju essure sup(‘rhi‘ated steam 
which, acting as an inj(‘ctor, draws in a current of air, and the 
mixtur(‘ of air and steam is forced up through red-hot anthracite or 
coke in a geiKTator. Not only is the sti'am d(‘com]>os(‘d, but a 
sufficiently liigh tcnijuTatuTi* is maintainixl to carry on th(' ])rocx‘ss 
raj^idh/ and continuonshj. The gas pass(‘s off near the top of the- 
generator into tlu^ cooler, washer, coke scrublx'-r, and sawdust purifier 
to the gas holder. Pressure produc’cr gas made ])y this ])rocess led 
to the rapid develo])mcnt of tlu'. gas (‘Ugine. 

Producer gas is cook'd before being supplk'.d to the- internal 
combustion (‘ngiiu*, part of the s(*nsible heat in the hot gas as it 
leaves the producer b(u'ng utilizid to gi'm'ratt' tlm sti'aTU which is 
added to th(^ air supplied to tlu^ jiroducer. In this case the' ('ffi‘-ctiv(‘- 
eJlficAenry of the yroclncer may b(‘ taken as th(^ ratio of th(^ net or 
loww calorific- value of the i*old gas obtaiiu'd to that of the fuel 
from which the gas is mad(‘. When the gas produc(‘r is consiik'-red 
aloni' as a means of converting solid fuel into combustible gas, the 
ratio of the higlicT calorific- value of the gas as it leaves the producer 
to that of the solid fuel, including the fuel used to raise the necessary 
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strain added to the gas supply, is the thermal efficiency of the 
producer. 

Theoretical Weight o£ Steam Required per Pound of Carbon in a 

producer with mixed air and steam blast. Thc^ richtvst gas and 
maximum efficiency will be obtained by th(' ideal reactions (1) and 
(5). Assume^ no heat loss by radiatmn, and that all the sensible 
heat of the gases leaving the produccT are used in raising st(‘am 
utilized in the redactions, so that all the heat energy of the fuel is 
available. Them th(* amount of heat absorb(‘d by the int(‘raction 
of steam and carbon will be ecpial to the heat (‘volved by the 
forinatioJi of CO from carbon with the oxygim iji the blast. 

By reaction (I) in the direct combination of 24 11) of carbon with 
oxygen to form CO, the amount of heat liberat'd is 24 x 2,420. or 
58;08()(\H.U. 


By (^)), above 1000^" C., every 12 lb of carbon decompose 18 Ib. of 
steam, and dlKd h(‘at absorbed is 28,960 C.H.C. Since HgO is 
su])plied to th(‘ ])rodiJcer as water, not as steam, and taking the 
temi)erature of water sup])ly the amount of heat required 

to raise 1 lb. of thisfc(‘d vvat(‘rto 100'^ C., and gcunTate 1 lb. of steam 
at atmosph(‘ric pressure, is (100 - 17) 1 5119 - 622 CkH.C. 
'riierefore J8 Ib. of sl(‘am require 18 x 622, or 11,200 (.ML. C 
ifenc(^ the reaction of stcNiin with 12 Ib. of carbon absorbs 
28,960 -1- 1 1 ,200, or 40,160 CMl.U. ; and tlu' weight of water needed 

58 080 

to take up the h(‘at evolved in r(da(‘tiori (1) is 18 X " 261b 


Th(d carbon requirc'd for this weight of ll.t) will be, by reaction (1) 


24 14 ., and 
41 -.‘jt Ib. 


l)V rc'action (5) ]2 >: 


26 

Ts 


17-34, or ihv- total carbon, 


wTiglit ot water to form the steam decomposed i)er lb. of carl)on 
26 

0-63 Ib. 

41-34 


In case it is uccessaiy to work at the low('r t('m])eratur(', for the 
rccoviMy of tlie nitrogcai in the fuel as ammonia in the Moiid typr- 
of gas ])roducer, by leactiou (4), 121b. of carbon, in decomposing 
361b sti-am, absorb 1 9,040 (kH. LI. + heat of formation of sti-am 
from water at 17“ (\, that is 36 X 622, or 22,390 (-.H.IJ., or total 
heal 41,430 (l.H.U. 

58 080 

W(dight of water required is 36 X VlO ^ 
and the total weight of t-arbon is 

24 1- 12 X -kk =- -I- l«-!i2 or 40-82 lit. 

3o 


Wfight of .st(^iuu (lofoiinjosfil pt‘f lb. of i-arbou is 


50-47 

40-82 


l-23Glb. 
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Composition of the Ideal Producer Gas. By reaction (1), 241b. 
of carbon yield 56 lb. of CO gas. The weight of 1 cub. ft. of CO 
gas is 14 X 0-00550, or 0-07826 lb. ; hence 24 of carbon give 
56 

■07826 ^ N.T.P. 

From reaction (5), 17-34 lb; carbon give 

“ '■'■I' r- 

making the total yield of (^.O, 1,233 cub. ft. 

Also, from the steam and 17-34 lb. C, the yield of hydrogen is 

Again, by (1), ih(‘ total oxygen supplied is 32 lb. 

and, since air contains 71)- 1 pea- cent by \ohnno of nilrogt-n, the 
total nitrogen in thc^ air Mitli 357-8 cub. ft. of oxygen is 

:W7-8 - l.;{r)4 cub. ft. at N.T.P. 

The gas fornu'd will lu-, mad(‘- up of 

(X) - t'ul). ft. .'{{)• 7,3 jx'r cent- ^ ( 'oinbiisliblp misesp 

Ho - 317 ,, - 10 (>5 ,, \ .3()- 1 prr (.■onl 


357-8 cub. ft. at N.T.P. 


Total 3,104 


having higlu'r ealorilic value — 107-3 (y.H.U. per cub. ft. 
and its lower ealorifii- value -- 101-7 C.K.IJ. per cub. ft. 

The ])ro])ortion of steatn to the air supply controls the tern- 
])erature of these* reactions, as \A'ell as the yield of gas and its 
c.omposition. 

In each case* th(*r(* is a ct*rtain ])roportion of air and sb'am in the 
blast which gives tlu* best thermal (‘lliciency. In tin* Dowmn 
pressure type of gas producer, with .supt‘rheat(‘d ste-atn drawing in a 
suitable ])roportion of air, the steam decomposed may vary froJti 
0-5 to 0-75 lb. j)er lb. of fuel gasified. If tin* steam su])]dy is reduced 
below 0-45 lb. p(*r lb. of carbon, tlu^ temperaturci may rise too high 
and tend to form clinker, Avhich adluu'cK to the iire-brick lining and 
lir('-grat(‘ of tin* gas gc-nei’ator, giving bad working conditions and 
incr(*ase of heat loss(‘s. On the other hand, when the ])roportion 
of steam in tlu^ air blast is incr(^as(*d much above 0-75 lb. p(‘T lb. of 
carbon gasified, tlu^ t(‘mperatur(‘ falls tpo low, so that the steam is 
not all (h'composed, and the thermal efficiency falls. 
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Karl We^ndt determined the temj)erature and actual composition 
of the gas at different kvels of the fuel-bed, 7 ft . 6 in. in depth, in 
a gas producer with (;ok(' and a mixed air and st(‘ain blast saturated 
at ()0° C, as follows — 


Kf.SULTS of FiXl'KlllMlCNTS WCl'H MlXFD Alll VNO StFAM Pl VST 
IN A CJas Piionrt'FU {Professor Bone) 



At 0" abov(' the grate tluu'e was 0 5 pcM* (‘(‘ut of fnu' oxygi^ii. Theses 
results show tht‘ effects of stcNiin mixed with air iu thi^ blast, eom- 
pan'd with air alone (p. 24-5) ; at the saim* levt'ls : tlie tmnpcu’ature 
of the fuel is l()W(‘r, tin* propoi’tion of and Ho inen^ased, while 
C/0 is decreased. 

A gas prodiKjer consists of a cylindrical vcvssi'l, liniMi with fire- 
briok, with an outer casing of iron, and containing the find, which 
is kept inc;and(^sc(uit by an upward draiiglit of mixe^d air and steam 
forced through it. The find usually rests at the bottoiri, on the 
lire-grat(\ and is fed into a Ixdl hoppcT fitti'd on the top, and the 
gas outlet is at one side ncNir the toj) of the pi’oducer. 

ddie conditions of working vary Avith the di‘[)th of the fii(d-bi‘d, 
whicdi must be sufficient to allow the necessary rc'actions to take 
])lace, and this d(‘]ieiids on the nature of thi^ find and size of the 
lumps used ; also u])on tlie velocity of the* lilnst to ke('j) up the 
d(‘sired tern jierat lire. Anthracite, (dean gas coke, and non-caking 
bituminous coal are nicest suitable, and an* takim in small piei^^s, 
like washed nuts,” which (expose a large surfa(;e. so that the gases 
an*- brought into intimate contact Avith the fuel and then* is uniform 
distribution of the blast through the fiu*l bi*d, and not along 
channels. 

The chi(*f cause of difference b(‘tAvecin the idi*al tlieorctical results 
and those obtained in the actual Avorking of yiroducers, assuming no 
loss of heat, is that thi^ fuel contains not only carbon but also 
volatile substances which are driven ftff as vapours wlu*?! the fuel 
is heatixl. A fresh chargii of coal in the top layers bc'low thc^ hoppei 
of a j)roduci*r first undergoes a ])rocess of distillation evolving H 2 , 
CH^, tarry hydrocarbons, steam, etc. The. carbonized coal 5r coke 
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sinks down gradually to the hot zone. The blast, on entering the 
bottom layt'is, soon loses its oxygen, and the interactions between 
OOg, ('O, sti^ani, ajid 1h(‘, ineandeseent earboji take place in the hot 
zone, while the gases foi’iiied mix with tlie volatile c^ontituents 
higlu‘r 11 ]) and ai(‘ enriched. 

The crude producer gas is washt^d, cook'd, and cli'aiied by different 
kinds of scrublxM's, wi't coke* and sawdust, to get rid of tar, before 
it is tit for use in the gas (‘ngine. 

Mond Gas, Jh’. Liulwig Mond overcame the difliicultit's in making 
gas suitable for gas engine's from ne)n-caking bituminous slack, and 
recovered a valualile by-product, ammonium sulphati'. The main 
distinctive features of th(‘ Mond proc(\ss* arc' — 

A large c'xcc'ss of snperheatc'd steam in the air blast kee])s the 
lU‘oduC(‘r at a working ti'inpcrature, low emough to check the forma- 
tion of clinker and lecovc'r the ammonia, while the fuel is c^ompletcdy 
burncxl. 

The crude' hot gas and undeeomposc'd stc'am from producer 
pass into the' inner concentric pipe's of a reijenerator to heat the 
inc'oming mixture' of air and ste'am blown in the' o|)posite‘, direction 
tlirough the' onte'r pipe's. The air and steam are further heated by 
])assing down the annular space around the ])re)duce^r, Ix'twe'cn the 
fire-brie*k lining and the outer casing, to the* hre-bars. The sensible 
and latemt Ju'al of tie* steam in the liot gas is also partially recovered. 

The fue'l fed from a large hopper undergeies distillation, and the 
volatile va])ours driven off pass through the* u])pea' part of |he hot 
zone of fue'l to reduces the tarry f)roducts to fixed gas, and carbonize^s 
the* bituminous slack, which sinks into the body of the' ])roducer. 

Professor Bone* and Dr. R. V. Whc'e'ler made a thorough irive\sti- 
gationt of a slightly modified Mond plant, eompi ising two prodifceu’s 
making gas c'ejnivale'nt to 2,500 B.H.P., with superheaited blast, and 
saturated witii steam at any desirc'd tempe*ratiire‘. 

"J\'n trials were made, and each lastc'd thre)ughe)ut a full working 
wee'k. The* non-caking bituminous e-oal use'el was " (Jollms (^reen 
waslu'd nuts," scree'ued through a J in mesh, and as fed into the 
lu’oduf'e'is ave'rage sample's gave, by analysis, 3 to 7 pe'r cent 
moisture. The- drv coal containe'd — 


(’arl)on 

. 7S-n 

Hydrogon 

Tj 4 

Xitre)jrcii 

1-4 

Siil])linr . 

I'O 

Ox y fit'll . 

. l(t-0 

A.sh . 

4-2 


loot) 


Volatiles at 000" ('. - .‘lO-O per rent 

(-alorific value' / l!b!Kt0 ^ross 
OTh.U. pe'i ll). \ llbilTf) nc't 


* Sec Powf'r (Jas and lairp'e' (las Enjjincs for (Vntral Stations,” by H. A. 
Humphroy, Pror. fvMt. Mpch. Kiufrfl.. 1001, P.aft I, p. 41. 

t Joitrnal, Iron and Str(d 1007, I, p. 120 ; 1908, TI, p. 200. 
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Results of Tests on Mono Gas PiiODunERS (Bone and Wheeler) 


Average Depth of Incan- 






descent Fuel .... 

3 ft. 6 in. 


7 ft. 

Average Rate of Gasilira- 






tioii per hour .... 


22-5 ewt. 


11-5 

ewt. 

Steam Saturation Tempera- 






til re of Bla.yt .... 

45° C. 

55° C. 

00 ° u. 

00° C. 

80° C. 

Percentage (^OTn|)oaition of 






the Gas - 
Carbon Ihoxide 


4-40 

5-10 

5-25 

13-25 

(^ir})on Monoxide . 

lUOO 

1*8- 10 

27a0 

27-30 

10-05 

Hydrogi'ii 

1 l-(i 

15-45 

1 5-50 

10-00 

22 05 

Methane 

3 -Of) 

3 00 

3-05 

3-35 

3-50 

Nitrogen 

5 1 -40 

40-05 

40-05 

47-50 

44-55 

'IVital CoinbiLsi iblt'S 


4(}-55 

45- S5 

47-25 

42-20 

Calorifh* \'iijiie.^ of 

.1 Wtross 

the Gas / 

ISO 

iso-s 1 

17H 7 

185-0 

109-5 

B. Til. IT. pereiib. ft ul . 

O'^C. and 7(»0 in. in. ‘ * 

1 70 5 

109 1 

1 00 9 

173 0 

154-3 

Yield of (Jas, eub. ft. at ()“G. 






and 71)0 in. in. per ton ofl 





Coal 

Steam added to Blast, lb. pi'r 

133,700 

132,700 

135,000 

138,250 

147,500 

lb coal 

0-2 

0-32 i 

i 0-45 

0-45 

1-55 

Percentage Steam Deeom- 

f)0sed 

Thermal (‘iheienev, including 

All 

1 

All 

70-0 

87-4 

40-0 

*St(‘ani for Blower Fngme, 

0-73 

0-722 

1 

0-725 

0-778 

0-005 


livings ions from these Trials. With ordinaiy bituniinous pro- 
cliiCH'r coal, 92-20 ]icr C(‘Tit of the total carbon in tin* fuel is con verted 
into p;iis : 0-5 pi‘r C(‘nl l(‘av(*s the producer, either as dense tarry 
)iydrocar])ons or as soot ; and tlie remaining 1-25 per ci‘nt is lost 
in the ashes. With steam saturation temperatures of blast u]) to 
55° C!., the Avhole of tlu* steam may be decomposed m passing 
through the incandesc'cnt fuel bed. As the blast saturation tem- 
peratun* is gradually rais(*d beyond the limit of 55° (^, a decreasing 
proportion of the steam introduc(*d is decom])osed. 

Successive* increments in the proportions of steam introduced in 
tlu* blast, by reason of their increasing cooling effects upon the fuel 
b(‘d, profoundly aff(‘et the reactions occurring therein, and. con- 
secpiently, also the eom])osition of the n^sulting gas. For the lowe^* 
the ternpcu’atures throughout the fuel bed, the mori* will the inter- 
action C I 2H2() — (JOo + 2H.2 displace th(* (>' + HgO — 00 -\- H 2 
change, and the more also will the.equilibrium in the two rever- 
sible systems 200 , ‘ 0 d ('O.^ and C^O -]- H^O 00. + shift 
towards the right hand. 

The ratio of the net calorific value of the cold gas obf^ainod to 
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that of the coal gasified did not vary very much with the blast- 
steam saturation temperature throughout the investigation. This 
ratio worked out between the limits of 0-744 and 0-773, with a 
mean value of 0-7(). 

The yield of ammonia as sulphate is reduced from 7 I S lb. to 
391b. ])er ton of coal gasifi(‘d, as the stc^am saturation tiunperature 
is reduced from SO" (-. to 00" Ck, and tlu* steam added to the air- 
blast through the fuel is changed from i r)5 1b. to 045 lb. p(T 
pound of coal, wliilc^ both the calorific value- of the* gas and the 
thermal eOicie-ncy of the' prodiu-e-r are imaease-d. 

Tile best funuiec^ gas is obtained with a blast -steam saturation 
tempe-rature of about 50° ('. 

T}u‘ Menid plant was primarily designed to make “ furnace " gas 
from bituminous coal at a low price, and the recoveu-y of the 
ammonium suliihate^ on a large scale, for which it is admirably 
adapted. Ilut for use- in the- gas enginti, the gas must be fret- from 
tarry mattt-r, and special scrubbing and rotary lar extractors an- 
absol utel y nt-c t -ssary . 

Suction Gas Producer. The piom-er of the suction gas ])ow(*r 
plant, M. Leon .Benier, was the first to dis])(‘nsi^ with tiu^ stt-aiii 
boiler, gas Jiolder, and air blowt-r in making and supplying producer 
gas to the t-ngine. Anthraeitt- or coke is ft-d into tlie producer 
Steam is gt-nt-ratt-d in the Jiollow circular fire-grate of tlu- producer. 
Then-- is an annular space- betwe-en the innt-r (ire biick lining and 
the outer casing aiound tht- product-r for the mixture of steai:f and 
air to pass and gt-t heatt-d, on its way to the bottom of tlu^ fire. 

A suction ])um]) diaws gas from tin- j)roduci-r and deliv(‘.rs it into 
th(* gas engine cyhnd(‘r, afti-r air has bei-n passed in to clear out the 
burnt ])roducts through tlu- exhaust [lorts, v\hi(*h art^ uncovered by 
the motor piston at ji\ (--sixths of its working or i-xplosion stroke* 
The suction of gas from the jirodueer n-duce-s the- pre-ssure be*low 
atmosphe-ric, and air fiows in to mix with the- ste-ain eir vvate^ vapour 
btdore it ente-rs the- fu(-l. The- (piantity of gas admilted to the 
]nimp is regulated by the- e-ngine* gove-rnor. 

In 1894, Profe-ssor Ainu'- Witz Inste-d a Be^-nu-r suction gas ])lant. 
The emgine Avas only 15 B H.l\, and the ])roducer suitabh^ for 
25 H.P. with anthracite*. In eaie trial, with English anthracite of 
good epiality, the- ealorific value of the- gas was only 129 B.Th.U. 
jier cub. ft. Tin*, engine de-ve-leijK'd 27-() I.H.P., of which 13 H.P. 
was spent by the pump, le-aAdng only 14-0 B. H.P. , vvhile the fuel 
used was 1-5 lb. per (iiu-tric) brake horsevpowe-r hour. 

The idea Avas ingc-nious, and the next iinjiortant advance was to 
do aAAay Avith the Be-nie-r suction ])ump, and to use the suction 
stroke of the c-ngine piston to ilraw its charge of gas from tlu^ gas 
plant through an expansion box. 

In a modc-rn suction gas plant, u])to 2(H) H.P., the essential parts 
are ; (1)*A c ylindrical gas ]>ror1uccr, linc-d Vith iin- brick, in which 
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the anthracite or gas coke is made into gas by the action of air and 
steam drawn through it by the suction stroke of the engine. (2) A 
vaj)orizer, around tin* up[)er part of the producer, evaporates the 
rcigulatcnl water su]jply, which may be yuc^-heated in a Field tube 
by tlu^ hot gas leaving the producer, on its way to (.‘1) a water- 
sprayed coke scrubber, for washing and cooling the gas. (4) An 
expansion box, which servt\s as a gas rcs(T\^oir and reduces the 
pidsations due to the suction stroll(^ (.5) Water trap seals and 
hf/drauUc wain to ])rev(‘nt th(' gas gcdting back, and to form a safety 
valve. 

Since the working ])r(‘ssiir(^ in the produced’ is below alrnospherk'-, 
any li^akagc^ is of air inv nrds, and the only danger is loss of efliciency. 

A suction gas plant is (‘oin])act, siinpl(‘, and (‘asy to work, retpiires 
little attention and laljour, and is (U'onoiuical in fuel consumption 
even for small ])owims of 20 or liO 11 .P. 

In a seri(‘s of candid t(‘sts by Professoi* A. H. (jil)son upon a 
“ National suction gas ])roducer of rated capacity 30 H.P., and a 
National gas luigine. with a varying degriH^ of saturation of the air 
sup])ly to th(' gas produciu', the fuel usi‘d was gas coke containing 
moistun*. 0*1 to 12-5 ])er cent. The mean n^sult of analysis of the 
dry fuel was; 81-75; Hg, I-IO; O^, N and S, 8-79; and ash 
8-27 piu' c.(‘nt. The highcT calorific valiu' of the drii'd coke is 
12,739, and tlu' lower valu(‘ 12,035 H.Th.LI. per lb. On tlu' average, 
90'3 j)er C(*nt of thc^ carbon in the fuel was converted into ])erman(mt 
gas, and 3-7 p(‘r cent lost in the form of tar, soot, or asli. With 
saturation ienqxuaturi's u]) to about 125'^ F (52° C'.), tlu^ wdiole of 
the* wat(‘r vapour sii])])liecl to tlu* furnace was decoinyiosed, corre- 
sponding to 0-4 lb. of water vapour [)er lb. of dry find. Air saturated 
with sU‘am at 51-3° V. gave the riclu'st gas, th(‘ maximum hydrogen 
content 13-1 ]K*r cent, and of highest calorific value, also the 
maximum thermal etliciency, 78-(> per cent actually obtained. 

The composition of this suction gas was : 510 ; Og, 0*75 ; 

(JO, 25-45 ; OH4, 0-28 ; 11.^, 13-10 ; N,,, 55-32 ; and its lower calorific 
valin* 127 P Th.U. per cub. ft. at 0° V. and 7()0 m m. 

ddu' uK'an ni‘gativ(* yirt'ssurc on the ])is1(ui during the suction 
stroke varied from 0-5 to l-O lb. piu* sq. in., and th(^ average ])ower 
absorlK‘d in drawing tlie gas through the produciT is 0-59 I.H.P., 
adding to this a corr(*ctioii for loss of availabk lu*at in the yire-heated 
vajvirizcr wati-r reduces the maximum e^ffectivi^ efficiency of the 
gas produciT to 7() () j)er cent. As the- saturation temperature is 
furtluu* increasi^d, thc'- widght of vayumr decomposed is increased to 
0-457 11). per lb. of dry fuel, but the thermal (dliciency of the 
produem- di'crease-s. 

So long as the amount of excess aiii is the same, the composition 
and calorific value of the gas has practically no effect on tlu* thermal 
efficiency of the engine, which reaclu‘s a maximum wdth about 160 
])er ccuit of c^xcivss air. * • 
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The overall tlxermal eflku^ney attains a maximum when the 
vapour supply amounts to about ()*5 lb. of dry fuel, being greater 
than the weighl, ()-4 lb. per lb., for maximum efficiency of the gas 
producer. Tlu* lowest coke eonsumption ptT brake horse-power hour 
is Ml lb., of lower calorific value 12,035 B.Th.U. per lb., and gives 
an overall combinc^d thermal effieaene-y of about 18 per cent. 

The author made a series .of tests u])on a Hornsby-Stoc'kport 
suction gas jxlant f)f 90 H.V., and rated at a daily working load of 
85 B.H.P. The higher caloriOc value of th(^ find, as used, was d(*ter- 
mined in the Mahl('r-(!ook bomb calorimeter ; that of ordinary gas 
coke was 12,500 B.Th.U. per lb. The anthracite was "washed 
])eas,'’ from th(^ (heat Mountain Colliery (-o., of South Wales, and 
gave a higher luxating value of 14,580 B.Th.U. ])er lb. 

In each test the ])lant Avea kc'd 8 liours, uiuU'r ordinary conditions, 
and during tlu^ last 0 hours the find consumption, indieat-(‘d and 
brake* horse-power, \\'(‘r(‘ ele^te^rmined. Whem anthraeite was used in 
the ])rodue(‘r the (‘iigine elevede)])eel 102 B.H.P., with a cimsielerabli*, 
re‘S(*rve of ]>ower e)r oV(*rloael capacity, and the fue^l (Haisumptiem 
w\as 0-72b lb. per brake he)rse-])ow'(‘r liour. The thermal efficLeiiey 
of gas ])roeluc(‘r anel (‘Ugine e*e)mbine*d was 27*5 pi‘r cent. The 
mechanieal effic'Umcy of the (‘iigine w^as 87-3 ])er cent ; so that 
•873 X 0-275 — 0-24, or 24 per cent e)f the heat e*nergy of the fuel 
w as eonven'teel into work on the brake. 

Whem coke was ust‘d in the same pre)due*er, the engine running at 
87-3B.H.P., the fuel consumption was 0-92 lb. per brake ^lorse- 
pow^er hour ; that is, an ov(*rall eombiu(‘d efficiency of about 
22 per c ent on the brake. 

Suction Gas Producer using Non-caking Bituminous Coal. VaT-ious 
(l(*vi(‘es are adopted to free the gas from tarry [)roducts and burn 
bituminous coal cojnjdetely in the producer. 

The Dovvson pi-oduc(*r of this type has a clow ri draught of air in the 
top part of the find b(*d, and an u]) draught of air and steam through 
the tire-grate in the low'er ]iart. The gas outlet is about half-way 
down. The fn‘sh coal is fed in at the* top, where the tire burns 
dowmwiirds. Tht^ hydrocarbon vapours, distilled off, pass down 
through incandescent fuel, and are eitlier burnt with tln^ air or 
converted into fixed gases. TJie carbonized find formed in the 
uppc'r part sinks slowdy down and is c*onvertc*d into producer gas 
by the upward current of steam and air. The hot gas carriers no tar 
wdum it leavc'S tlie jiroducer and is ]xa.s.sed through a tubular vaporizer 
to cool the gas and generate the st(‘am requiri^d. The gas is furth(*r 
cooled and cleaned by passing through sc^rubbers bidore passing to 
thc^ engine. 

Trials, by the author, of a 5()0 H.P. Dowson suction gas producer 
plant using bituminous Kingsbury coal, at quarter, half, and full 
load, (‘xtendc^d ovct a weedv. Tln^ usual tarry matter w^as effectively 
rcunoveti, and the gas leaving the produeel’ was as clean as that from 
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tanthracite. This suction gas plant gave (‘xccllont in^sults as to 
steadiness of running and reliability under the various loads. 

Dowson suction producer gas, from bituminous coal in a 700 H.P. 
plant, gave percentage analysis by volume ; Ha* 10 ; CH 4 , 1-0 ; 
CO, ; CO 2 , 7-2 ; No, 51 9 ; of lower calorific value 138 B.Th.U. 
per cub. ft. 

The composition of producer ga»i from anthracite and gas coke 
is given as foll()W^s — 


Avalv.sis or Dow'sox PiinDi caoi (J\s 


f^n’Sfiun- (Ins* 
of 7 

Vlani.s from 
Anihranlo 
(Hot Slari) 
{Ihurson and 
l.artcr) 


//();} OV/.vf from 


Anthrarito ' ( Jaw t'oko 

( llol. Starl) (Hoi Start.) 
(.if. A Ad<(ni) {.i. T. Jjurte.r) 


lIvclro^cTi (H^) ■ 

]\Tctliano (C'Hd . 

(/arboii MoiioxkU* (('()) 

Carbon Dioxide (COJ , 

Oxygon ((),) . . 

Nitrogen (Ng) 

CaloriKc Vabic TTigtier 

H Tb.U per cub. ft . liOwer 
Yield of (fas, cub. ft, per ton Ciud 
Air required for CJoiiibustiou of 
I oub. ft. of (Jas, in cub. ft. 


T*er Cent 
i7:m 
1 2 U 
25-50 
5-77 
0 -LiU 
49-S2 
IGl 
U5 

ise,ooc 

1 1222 


TVm’ (N-nt 
1 5 () 4 
l-ll) 

20 - 1:1 

0 t)9 
U-74 
50-24 

124S 

20S,0U0 

Clt27 


IVr Cent 
I :i 2 
O-IJo 
25 :j 
5-4 
0-0 
55-15 
l:i()‘2 
127-5 
182,700 

0-921 


The W(‘l.sh anthracitic used by J\lr. Adam was “ w^ashed pea.s,” 
find Jiad calorific value in the- bomb calorimider 13,890 B.Th.U. 
^I'lie calorific value of the coke was 12,477 B.Th.U. per lb. 

The Cambridge bituminous suetiou gas producer is of the down 
draught ty])e and is iitted wath an air jack(‘.t around the ujiper part, 
from which heated air is drawn into the fire through adjustable* air 
ports about lialf-w'ay tknvn. Thi' fr(‘sh fuel fed into thi^ producer 
at the to]) is partly j)iirned in the upper part of the fuel-bed, giving 
olT its volatili^ constituents. Tlu' extra air drawn in through the 
ports gives an intensely hot zone through w hieli the volatile matter 
from the fuel is drawm by the suetion of the gas engine, and the 
tar converted into useful fixed gas. 

The revolving crusher fire-grate prevents (.'linker deposit, and 
there is a water bottom below" the grate for drawing out th(^ ashes 
and supplying water vapour. A ivater -sprayed coke scrubber is 
used to wash and cool th(‘ gas. 

* Prnv. Inst. (1901), Vol. i^XLlV, p. 2S2. 
t Ihid. (1904), \4)1. CIA in, p. :122. 
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Bituminous coal, lignite, brown coal, and wood fuels are converted 
into good, clean gas by this plant in Australia and New Zealand. 
A trial run with lignite of percentage analysis : fixc^d carbon, 13 1 -S ; 
hydrocarbon, 44-82 ; ^vate^, 23-15 ; ash, 3-2 ; sul])hur, 0-41 : gave 
fued consuiipdion alunit ] \ lb. per brake horse -power hour. Using 
Green Island nuts (ligniU*), th(^ coal consunuMl is about 1-35 lb. p(‘r 
brake horse-power hour. The (‘tiof feature of this suction gas plant 
is that it inak(‘s gas, suitable for ])ower j)urposes, from various sorts 
of wast(* wof)d in shavings and blocks. 

Example 13. A ^ns esos prodiuvr pjis wliich has a volumetric 

analysis - (’(), 11, H_., IM) ; CH,, IS; C^O^, Kil; N,, 421. CVileiiliite tlie 
volurm^ of aif ret|Uin‘(l (o eoini>let('l y burn a eubie ff)ot of this ^as. 

If the air supplied to the ^:as (ui^ine be f)0 per cent in excess f)f thi.s (plant ity, 
what IS the ealoritie valiu' of a eiibie foot of cylinder mixture i Calorilio 
values of CO, 11 j, and CK, are 11)1), 1()2, and 535 CtH.U. ])er eiibie, foot respee- 
tivtdy. Whut is the p:as (onsumption per horse-power hour if the eiigiiio 
effieieiiey is 23 0 per cent '! • 

{i'.L , B ,Sr. 1!)2J.) 


The oxygen reqiiir(‘.(l for eon)j)l(‘te combustion of 1 cub. ft. of 
])rodnci'r gas is— 

Tor (X) ~ “ 0-055 cub. ft. (p. 108) 




--- 0-145 


„ UH 4 - 2 X 0018 0 030 

total oxygen 0-230 cub. ft., 
and air contains 20 0 per cent by volunu' oi oxygi^n 

air ivquired - — 1 cub. ft . 


M 202 cub. ft. 


Answer. 


and 50 per cent exe(‘ss air - 0-5040 ,. 

making a total of 1-0038 cuh. ft 

The mixture of I cub. ft. of producer gas with (-xcess air occupies 
2-0038 (‘-ub. ft. in tlu* (Ugim- cylinder, and the* combustible content 
evolv(‘s in burning, 

0-1! X 100 I 0-29 X 102 | 0-018 x 535(kHTT. 

- 20-9 I b ^103 - 77-51 (bK.U. 

Hence tlu^ calorific value of aK ubie foot of cylinder mixturi'i is 


2-()9;i8 


28-77 U.H.U 


Answer. 
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Again, 1 
equivalent 


H.P. hour = 33,000 X 60 ft.-lb., 

33,000 x 60 9900,, „„ 

^~140(r'= 7-^H.U 


If the thermal clficiency of engine is 

23-6 Heat conv(‘rted into work 
100 H('at sin)])lie(l 

09(K) I 

7 77-51 X euh. ft. gas 

gas consum])li()n per horse-power hour is 


J)000 :< 100 

1 TT 77-51 X 23-0 


77-32 eub. ft 


and its thermal 


A nswer. 


EXAMPLES Vri 

I. In a l/oilrr Inal 1 ho dry coal cniitahu'd SI por or'iil of (*arl)()n and II pt'r 
ot'iil of free hydrofoil, '^riic fluo gas analysis gava- I 1-5 ])rr (-onl (’O 2 . H 4 
(•(‘id (> 2 , and SO- 1 jx'i' cent of nitrof^cn. (lalcnlato ])or pound of dry fiad, the 
W(Mght of nocc'ssarv" air, and thc^ widf,];)!!. of (excess air. 

L'.aSV. (A’nr/.).) 

iJ. 'riio voluinoirio analysis of a produce'!’ pis is: JI.m 14 [)cr cent; CH,, 
2 per C(^n1 ; (Xd, 22 per eenl ; CO.^, 5 per eeid. ; Oo, 2 })ei e(‘nt ; Nj, rio per 
cent. Find the air re(juir(‘d for tlie perfect eonibnstion of I euh ft. of the 
^as Jf 4U [ler cent/ excess air is .su])pli(’d, find th(' volume analysis of the 
dry products. Air contains 0„ 201) per eenl ; N,». 70-1 per cent by volume. 

(Ent/.).) 

II. Tho volumetri(^ analysis of a ])rodueer pis supplied to a gas engine is ; 
112,20-2; (dl^, 2-S; CX),‘22-2; tX)^, 7-7; Ng, 47-1 pi'r cent. Calculate the 
voluiiK.’i of air necessary for eoin])leto eoinlmstion of I cub. ft. of the gas. 
If* 50 ]ier cent excess air is admitted, find tbo actual pereontage contraction 
in volume afUn- eoinhnstion in the (*ngine cylinder, and the', volumetric 
analysis of tbe dry products of combu.stion. 

4. Tlu' ulliinate analysis by weight of a petrol is : C, 0-835 ; H,, 0-147 ; 

(> 2 , 0-018. Calculate the ratio of air to ])etrol eonsumiit 1011 by weight, if tlie 
vohmiebric analysis of the dry oxhau.st ga.s is : (X).,, 12-1 ; Cf), 1-7 ; 0-8 ; 

N. 2 , 85-4 iier cent. (r./“.., H.Sr. 1925'.) 

5. Analysis of coal in a boiler Inal was ; C, 88 ; H, iMi ; Oj, 4-8 per cent. ; 
and oth(‘r matti'rs 3-() per ei'id. Flue gas by volume ; COg, 10 9 ; CO, l-O ; 
U 2 , 7-1 ; Xj, 81 per eenl. Find (u) the ])roporliou of C burned to CO ; and 
(b) air recpiired yier ])Ound of fuel for eondmslion as it actually occurred ; 
also (r) the weight of flue gas per ])()und of fuel burned. 

(r , B.Bc. {Eng.).) 

(I. In a boiler trial tbe iiercentage analysis of dry coal as burned was ; 
i\ 83 ; H 21 4 ; O 2 . 8 ; asli, etc , 5 ; and tlie volumetric analysis of the tluo 
gas was : CO^, 10; CO, 1-7; O^, 8- 1 ; 80 |)er cent. The rise in t-('nipei'a- 

tiirti of the fine gases was 290° (\ Caleiilate the following items: {a) the 
liroportion of C burned to (X), and tbe lu'at lost tlirougli ineoniplete eom- 
Inistion, ('X[)r('ssing the lalti'i* as a pi'reeutage of lh(‘ lieat in the fuel ; (f)) the 
heat caniiHl away 111 tlie fliu* gas per [lonnd of coal burnt, average sjieeific 
Jaait 0-24 ; (r) heat earned away m excess air, av'erag(' sfiecifie lu'at, ()-2375. 
(Xiloritic value of 1 Ih. eai‘l)(;n, wIk'ii liiinit to (X),, 8,080 (’ H.U.,w)ien burned 
to CO, 2,420 C.H.ir. “ (r./.., B.Sc. {Eng.).) 
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7. DiiriTijT a boiler trial, tlic avorap;o aiialysia of the flue gases gave the 
following results : CO.^, 10-7 ; CO, !•] ; O^, ti-85 ; Nj, 81-35 per cent. The 
chemical analysis of the coal as fired gave C, 87 0 ; Ha- 3'4 ; Og, 4-5 ; asli, 
etc., 4*5 per cent. Deterinino the number of pounds of air supplied to the 
boiler furnace i>er ])Ound of coal ; also calculate tlie weight of flue gas yier 
])ouml of coal. JJ.Sc. (E'}kj.).) 

H. An oil iuel of s[ieeifle gravity ()-875 contained carbon 80-9 tier cent, and 
hydrogen 13-1 tier cent, tested in a tipuiib calorimeter, the following data were 
obtained : Weight of oil taken, 0-9034 gramme ; total weiglii of water, including 
water eipiivalent of bomb and calorimeter, (-te., 2,800 grammes. Observetl rise 
of teinperatnu‘ by combustion in the bomb calorimeter, 3-47° C'., and loss by 
radiat.ioii, O-O^,”)'^ (\ (\ilculatc tlu‘ higher and lo\^'er caloritic values of tlie oil 
fuel, (n) m C H U. jier pound ; also (6) in II Tli lb jier pound, and (c) jicr 
gallon. 

9. During an engine trial, the gas, as usi-d, was testi'd in a caloriuKder and 

gave the following results : (las buriu'd, 0-75 cub. ft., at iiressun' 14 8 lb ^icr 
sq. in. and wiiicli raiscsl the tcnqieraturi' of 24-5 lb. of water from 

15° i\ to 23-5° (’ ; and the steam formed w'as condensed to 0-04 lb. of water 
at 1 8° C. (’aleuhitc' t lu- hiizlu-r and lower caloritic values per cubic tool of 
the gas at N T.l*. 4’ako tin- latent heat of sli'iim as 539 T. ft. I', [ler lb. at 
atniosjiheric jiressure 

10. In a gas producer 1 ton of coal, having calovilic value 14.000 H.Th.lb 
]'er lb , yields 208,000 cub. ft. of gas of caloritic valui* 125 H.Th.lb ]H‘r cLifac 
fool. A gas ('iigme takes (17 8 cub ft. of this gas jx'r liiake horse-power hour. 
I'alculaU' . ((/) The th<*rmal eliiciency of the gas iiroducer ; and (h) the brake 
tlim'inal ctticic'iK-y of tlu- gas engine ,- (e) tin* pounds weight of coal consumed 
])er brake horse-])o\ver hour; and (d) the oviuall thermal efhidency of the 
gas ]jlaiit.. 

11. Ill a gas jiroducer f«‘d wit4i bituminous coal of lower caloritic ^alue 

13,400 B.Th.U. per lb., the yield of gas per ton of coal is 134,000 cub. ft. at 
N.T.P. of luw'er caloritic value* 172 H.Th U. per c-nbic loot, dda* percentage 
analysis by volume of tlu' gas is ; ID, 18-3 ; CH,, 3 4 ; CO, 25-4 ; (>-9 ; 

Nj, 4t) ; and a gas (aigiiio takes 49 9 cub ti. of this gas pi‘r brake* horse- [lo we* r 
hour. Calculate : (u) The* cuhic feet of air necessary for the complete eorfi- 
biLstion of 1 ciib ft. of the gas ; (/f) the thermal ellieiene.y of the produem* 
from the luw(*r caloritic value ol the gas ; (e) tin*, weight in pounds of coal used 
]jer brake liorse-^iower liour ; ((/) tlie brake tlieniial etlieioncy of the gas 
engine ; and (/ ) tbc* overall eflicieiie\ of t he* ])ow'(*r jilaiit . 

12. Tiiid the maximum elheieuey of a suction gas ])rodueer, tlie composition 
of the gas produet*d, and its caloritic value, per cubic foot, assuming that the 
fuel IS carbon, and that only dry air is |)a.ssed through the fu(*l. (liven that 
11b. of Ha oeeu])i<‘s 178-8 cub. ft , that the caloritic value of (’() is 342-4 
B.Th.lT. (190 2 (Ml.U.) per cubic foot. ; and that the calorific value of 1 lb. C. 
is 14,544 B.Th.C. (8,080 C.H.U.). 

What is the, (*ffeet of admitting steam in addition to the air {(() on tlie 
working ; (h) on the* eflicieney of the jirodue(*r 

(r./.., n.sr. {Kiu/.).) 

13. In a test of a suction gas producer and gas engine undi-r ordinary 

working conditions, tlu* following results wx*n* oV)taiuc*d : Duration of trial, 
fl hours; ga.s eiigim* cylinder, 17 in. (Oameier *.)y 24 in. stroke; average 
speed of engine, 209-5 r.p.m.; explosions })er minute, 102; mean effect ivo 
pressure from indicator cards, 83 4 l^i. p(*r sq. iii. Brakes Iiorse-iiower, 102-1. 
'J’otal coal (-on,sum(*d. 444-7 lb., of higher calorific value 14,580 B.43i IT. per 
lb. Work out : (a) Fuel p(*r brake horse-pow'er hour ; (h) iiidieatcd horse- 
power ; (r) mechauie.al ellieieiu-y of engine ; (f/) the,nnal eflieiemcy of gas 

producer »id engim* eoinhined ; (i ) percentage Heat of fuel converted into 
work on the brake. 



(CHAPTER VIll 

THE INTERNAL ('OMBl*tST[()N EN(JINE 

The toriii iMtt‘rnal conibuslioii iiichidc's (jax, petrol, and licarp 

oil engines, according to tho fuol that is inixtHl ^v]th asuilabl(‘ pro- 
portion of air, usually in oxc'oss, to f(a*in th(' cliargo in the f-ylindcu’. 
When the niixtiire is eojiipressod and fired, the lu^at developed by 
the (‘xplosion in the cylinder raises tin* ti‘in])erature and ])ressure 
of the products of combustion, nith tlu' exc('ss air^ which (*xpand, 
driving the piston and doing useful work. Th(^ highest tempcratun' 
rea.cb(‘d by (‘xplosion of th(‘ c}jarg(> in th(‘ gas engine cylinder has 
be(*n estimated M ith a normal load at notdess than 1800° (V, and 
usually 2250'’ to 2500'’ in ordinary practice. Thus in th(‘ 
internal (‘ombustion (‘ngint' the working substance re(‘eiv(‘s heat by 
its own combustion up to a vctv high tmnperature, and although 
the heat rej(‘cted is also at a high temperature, the actual working 
rang(^ is so great that a gas or od engine can convi'rt into useful 
work about JfO to ,‘55 pcT cent of tlu* heat (‘iicrgy of th(‘ fuel. 

From 25 to 35 piT cent of the h(*ai develo])ed passes into the 
cylind(T walls, ])istons, and valves. This heat given to the metal 
ha,^ to b(‘ conveyed away as fast as it is generated within the 
cylindcT, hence th(' nec^essity for the circulation of cooling water 
through th(‘ ja,ck(‘t around th(‘ cylinder, or other mc'ans of cooling. 
Idle rate of h(‘at How^ in thi'. gas depends mainly upon its tem- 
ptTaturi’, density, and turbulence^. The temperature of the metal 
at any point is deter miiuMl by the im^an ratt' of heat flow into the. 
surface' per unit area, the (‘onductivity for heat of the' material, 
and th(' distance that the heat has to flow to tlu^ jacket water or 
plac(‘ where it is conveyed away from th(* cylinder. 

The fu'at flow' from any point is maintained by a suitable tem- 
pi'raturi' gradic'ut, whi(*h may b(' ()0° C. per inch. High local tem- 
peratures may be produced at the centre of the piston or exhaust 
valv(' in large gas engines, be(;ause the heat has farther to flow^ to 
the w'at-('r jacket. The heat flow' through the cylinder wall is 
partly radial to the jacket, also in an axial direction to cooler parts. 
The difference of tempi'ratun' at places only a few inches apart 
may bi' 200° to 400° (/‘.•with heavy charges, and this produces 
stresses* in tlu' metal at the to]j of the cylindi'r, close to the head, 
due to uiKHjual expansion, which fo»m a serious problem of great 
practical imjiortancjc to tht' designer of large (‘iigini's, and is mainly 
UKdallurgical. Also, if the temperature at any point in ('outact 

* Soc i"roc. I. Mcdi. E., j). 1045; also 1925, p. 19. * 

2(il 
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with the c^oinbustible mixture becomes too high, there is the risk 
of pri^nature ignition (])re -ignition) of the charge, which may stop 
the engine. 

The most common type of internal combustion (‘ngine works on 
the four-stroke constant volume cycle, invented by Beau de Rochas 

in 1862, adopted and made a practical success by Dr. N. A. Otto in 
1876, and first developed in this country by Messrs. Orossley Bros., 
Manchesb'r, and later by many otluTs. In a single-acting engine 
the cycl(' consists of four operations in tlu‘ v'orking cylinder on one 
side of the ])iston, during four conse'cutivc strokes, giving one 



\ Clear' Char^ln^ i 

-3nce ■ 5 tnoke - Volu m e , 

.S(i. (i\s IOn’cinc Indh atoji l)iAr;RVM 


(‘Xj)losion or working stroke for cvctv two revolutions of lh(‘ tTank- 
sliaft. I'he action is shown by the iiulieator diagram, Fig. 86, 
from an engine of 40 B H.P. 

Suction. During tli(‘ first forward or o//^stroke, ah, of tln^ ])iston 
a mixtur(‘ of gas with (‘xe(‘ss of air is drawn into the cylinder, so 
that the cylimhr' is fill(‘(i Avith th(‘ explosive mixture at atmospheric 
pr(‘ssur(‘. 

Cnrnjjressioii. During the return or mstroke, he, the mixture is 
compr(‘ssed into th(‘ cli‘arance sj)ac(‘ at tlu^ end of the eylinder. 

Explosion and Expansion, At r th(‘ compressed chargi' is ignit(‘d 
just before the crank passes th(‘ dead cimtri', and the firessure due 
to the heat energy dey(‘lo])ed by th(‘ combustion at constant volume 
rises so rapidly that the maximum ])ressure is rt'ached bi*fore the 
piston has moved a])preciably on its second outstnike. This is the 
workiiKj stroke, ede, and th(^ ])ist(m is drivtm forward by the* 
cx] landing gas. 

Exhaust (efa,). The (‘xhaust valvt* is o])i'ned at e to give “ release, ’ 
and during the sc'cond back-str,)k(‘ the burnt products art* dischargetl 
from th(‘ cylinder, (‘XC(‘])t what remains in the clearance space. 
Th(‘S(' burnt products mix with tlu' m‘xt imoming charge of gas 
and aii>and the cycles is ri'in^ated, except whmi the governor cuts off 
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the supply of f^as ; then air is admitted, compressed, and expanded, 
without ex})losion, and discharged. 

In some modcu'ii gas engines, scavmgmg air under slight pressure 
is adraittcHl to tli('. cylimh^r tow'ards the end of the exhaust stroke', 
to svvee]) out the burnt ])rodiu*ts from the (iearaiu‘,e sy)ace through 
the exhaust pipe, to cool the exhaust valve and leave the eicarance 
sj)a(H* full of pure air. * 

ScAwengwg is s])ee‘ially desirables wiien worlcing with gas of le)W 
healing value, sucli as blast furnace gas, coiilaining a small proportie)n 
e)f e-onibustible‘S which reepiire te) be' wa'll inixe'd with air to ensure 
eomple'te' e*ombustion, I’c'iareh'el by the inert gasc's ]jre'sent. Usually 
the're is no sp(‘e‘ial arrangeane'iit fe)r seaive'Uging. 



Fi(j. S7. buaiT Si’UiNe} DiAcuiAMs nr Ti’MiMNei Stjiokkh 

Beau de^ lloehas first gave the' chief conditions necessary to 
obtain the* best, re -suits aucl gre'atest economy from the', elastic fe)re.e', 
of gas in the' engine' cylineler- - 

(1) Largest ratio of cyliude'r volume' te> be)unelary surface', that 
is,*re‘due‘e te) a minijnum all e'oe)ling surfaees in contact witli hot 
gases, e)r make* the combustion s])ae‘,e' as nearly spherical as possible*. 

^(2) }'iste)n speeel as high as pejssible. 

(3) Long range e)f e-xpansion, wdthin prae'tical working limits, in 
orele*r to have* the heat ce)n verted into work rapielly. 

(4) Highest possible* c()m])re'ssie)n e:)f charge: bi'fore ignition, which is 
e)nly limitc'el in prae-tic'c by pre-ignition or spoutanee)US combustion. 

The e)ut.standing disaelvantage of this cycle is, e)nly one impulse 
for e'Na'T}' two re'v^olutions of the* crankshaft, when the motor piston 
acts as a pump during the suction and exhaust strokes, although 
tliis t} ])e is me)st convenient for small ]:)ow'ers and tends to ke'op the 
cylineler ce)m])aratively coed with ge)od meekanical anel veduinetric 
efhcieme*,ies. 

The* light spring indicab)r eiiagrams. Fig. 87, taken fromtlm same 
('iigine* as Fig. 86, shows the bottom loe)p for tlie pumping strokes 
eluring e'xhaust and sue'tion. The fiUl line is the negative part ed 
the eliagrain, Fig. 86, in wdiieh gas and air are taken ; anel the* 
mean pre'ssure e)f this full le)ael suctiem loop is 2-9 lb. per sq.in., 
corre\sponding to 1 4 H.P.^at 180 r.]).m. The dedted lines f®rin the 
diagiam e)f the pumping strokes when the ge)verne)r stops, the gas 
Ifl— (5434) 



264 


APPLIED THERMODYNAMICS 


supply and only air is admitted to the cylinder. In this case the 
moan prossun*. of the loop is 5 Ih. per sq. in., taking 2-5 H.P. ; that 
is, more power than is required for the exhaust and suction strokes 
after an explosion. (See pp. 50 and 51.) 

When the four-stroke cycle engine was introduced by Otto, 
inventors tried to overcome its defects by the two-stroke com- 
pression cycle, giving an explosion every revolution of the crank- 
shaft, or oni' to and fro movement of the piston in the (‘ngine 
(cylinder at full load. 

The first invention or ]hone(U' engine of this type appears to be 
that described in Patc^nt No. 2334 of 1877, by James Robson, which 
was im})iov(‘d by his Patent No 4501 of 1871). In this (mgine the 
single cylind(‘r is c,los(‘d at both tmds. The front end of the piston 
next the crankshaft is used as a pinuj) to draw in and compress the 
mixtiin* of gas and air, at 0 lb. per sq. in., into an interuK’diate 
i‘c‘servoir bedenv th(‘ cylindta’, from which it flows through an inlet 
valve into the pov(M' (‘iid of th(' c3dind(T, and displaces th(‘ exhaust 
gases of the prtwions (‘xplosion through ports, whim tlu\se are 
uncovcri'd by the back end of the piston, near the c()in])letion of 
its working stroki*. On t]i(‘ return stroke the piston covers the- 
))orts and llii'ii eonqiressi^s the charge, in that end of the cylinder, 
while a fi'csh charge^ is drawn into the front imd. During the m‘xt 
outstrokc, vhiai the cliargis compress(‘d to 351b. per su. in. is 
ignited on lh(‘ back si(lt‘ of the ])istoJi, the next charge Is being 
comprc'ssed by th(‘ front side* of the ])iston into thi^ intermediate 
reservoir 

There is thus a conijiression stroke befori^ tiring the charge, which 
is followed by an (‘xplosion or expansion stroke, in this cyidi^, during 
one revolution of the crankshaft-. 

Only one engine of the 1877 type was made and usi'd for driving 
machiiKj tools in Robson's workshoji at North Shields, until ri'plaiu'd 
by the 1879 engini' 

In 1881 the Robson two-stroke cycle invention was de-veloi^ed 
and introduced by Messrs. Tangye, Birmingham, and, in a slightly 
modified form, used in many small engines. 

An expiu’imental luigine of thi^ tw o-stroki* cycle tyjx‘ was designed 
by kSir Dugald (Merk in 1878, and exhibitcal in 1879. Tiiere were 
separate motor and pump cylindi'rs. The mixture^ of gas and air 
was compressed hy the pump into a reservoir at 701b. per sq.in. 
abovc^ atmos])heric j)r(‘.ssure, and supjilied to the motor cylinder 
through a slide valviu One serious difliculty was back ignition into 
tile n^servoir ; anothi^ difficulty was shock in th(^ motor cylinih'r. 

In 1886, Clerk built another engine* of this type, having no 
reservoir betw eiui th(‘ pump and motor, which gavi^ better results. 

The w^ell-known ty]X‘ of Ckuk engini*, shown by drawings of the 

* Sec \Sir Diigalii Clerk’s Ijook on The, (la.s, pHnd, and Oil Knffine, Vol. II, 
p. 196. 
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Patent No. 1089 of 1881, had two separate cylinders, i.e. the pump 
to draw in a mixture of gas and air, and deliver it into the motor 
cylinder, where it was comj)ressed by the motor piston before 
ignition. The conical clearance space in th(' motor (cylinder was 
designed so that the flow of the fresh charges of gas and air entering 
the cylinder gradually pushed the bu/fiit gases through the exhaust 
ports, when these were uncovtued by the motor j)iston near the 
end of the (*X])losion stroke. But it was hardly possible to avoid 
dir(‘ct loss of explosive mixture through the exhaust befort‘ com- 
pression in th(‘ smaller engines.'’ 




Ki(.. 8‘.). Indk'Atuk J)ia(;hvm. (hLiismcit 

(Jas En(jink : Em. f.oAT) 


Ai the, Crystal Palacie Exhibition of 1882 a Clerk (‘iigiiu* of (i H.P. 
was t(‘Ht(‘d.* Thv indicator diagrams. Fig. 88 and Fig. 81), were taken 
during tin' full load trial Tin* chad results ar(‘ — 

Pump aucl motor cylinders, (i in. tliamclor ; stroke of pum}>, IS in., and of 
iiiutor piston, 12 in. ; 144 7 i'.j).m. ; prt'ssnre before' ignition 41 lb. per sq. in. 
(^^aii^e,) ; mean effe'etive ])ressvire, (iO-72Jb i)er sep m. ; net mdicuted liorse- 
power, 6-82 ; powt'r spent in ])ujn]) and enf»;in(‘ Irietion, Ib04 ; brakt' liorsc'- 
l)o\\er, 3-77 ; inechameal ('UieieneA , 55-4 ])er eeiit ; ^as used pi'r brake horse- 
])ower liour, l)4-8 cub. ft of calorific value 033 B.Th.U. jier cub. ft. ib'at 
turned into useful work, 6-2 per cent. 

Of the gross indicati^d powc^r, 0-71 H.P. spent in the p\imp was 
(kduct(*d to givi' the net available indicated power. Exhaust or 
back firing was noted, as well as pre-ignitions. The loss in engine 
friction was abnormal ; and the engine had giv('n h(dt(‘i‘ rt'sults 
beforehand in Glasgotv with richer gas. 

TJiis type' of two-stroke e^eli' appt‘ars to be best adapt(‘d for 

* Inaugural adilress by Professor (Jrylls Adams, us PreKiilent of the 
Society of Telegraph Engmoera and Electricians, 1884 ; also more dtdaila m 
'' State Papers — America — Information from Abroad- -iiepori on the exhibits 
at the Crystal Palace. Ele.ctriftil Exhibition, 1882,” by Frank J. f^u-agiii', 
issued by the Naval Department, IkS., WaHhington, 1883-4. 
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ino(l('rn gas and oil cnginos of large output, as the Koerting ; and 
in the small im 2 )rovt‘d Dolphin or Ricardo petrol engines, when the 
work taken to drive the pumjj is a much smaller proportion of the 
total geiU'rat(Ml, and the other difficulties are more easily overcome. 

Ideal Air Standard. A (-ommittec^ of the*. Institution of Civil 
EngiiUH'i’s, on the efficiency cvf int(‘rnal combustion (‘ngines, recom- 
m(‘nd(‘d an ideal standard engine of eonij)arison, having a cycle 
ap])roximating to that, of actual internal combustion motors, which 
should sat isfy the following (*onditions — 

(1) Th(' r('C(^])tion and rejection of heat should take place asj 
nearly as may be in th(‘ sanu^ way as in the actual (‘iigine. 

(2) TIutc should b(‘ no heat lossc's due to conduction, radiation, 
h'akage, or imperfect ( ombustion. 

(3) The data for th(‘ ninnerical ('valuation of tlu' standard should 
V)e as('ertainaV)le by sim])le mc'asiin'inent. 

(4) The expression for the (‘Ificieiicy of th(' standard should be 
a simple one. 

(5) The standard ('iigine should woik Mith a perfect gas of the 
same', dt'usity of air, and having no change of specific volume ; the 
s[)('eitie heat to hv assumed constant for all working tem])i'ratures, 
and th(‘ value' of the' ratio of tlu' s])ecific he'ats of the' ideal air at 
constant pressure' and (‘onstant volume to be takem as y T4. 

It is known that the' prope'rtie's of the working fluid are diiTe'.re'iit 
from those' assume'd for the' ideal air. and the spe'cific lu'lt of air 
doe's incre'ase' at the high te'inpe'rature'S obtaine'el in the' e'ngine 
cylinder, while' that of the' working fluid after c.ombustie)ri changes 
still more'. Until the' true law ejf variatie)n of the' spe'citie' heat with 
tern pf'iat lire' is more' exactly known, tlu' air standard I'liablcfi the 
('fficiency ejf ditferent ('iigines to be' e'eanpare'd, but deu'S neit show 
how^ close' the' performance of the actual e'ligiru' is to perfee^tion. 

For internal combustiejn e'ngine's (‘injiloying adiabatic e-ornpre'ssion 
and expansion, there' are thre'e^ symmetrical types of tiu'rmodynamic 
cycles which are each cycles eif maximum effieie'iicy for the con- 
ditions assume'd 

(1) Uonstant tempe'Tature, or the tWnot cycle*. 

(2) ('onstant volume, as the Beau de* Rochas cycle 

(3) Ueinstant pressure type. 

(1) The Camot or Constant Temperature Cycle. He at is rece ived 
and re'je'cted by the* working fluid at the constanT highe'r and lower 
tem])('ial lire's. By adiabatic compression, unit wa'ight of the air 
is changed from state' 7^^, to 7’^, ?;j, I'^ig. 90, th(*n an amount of 
heat is give'.n to the air during isothermal expansion to » 
followe'd by adiabatic e'Xjianrsioii to v.^, I\. 

J)urin(r isothe'rmal cempire'ssion from to Vq, heat is rejt'.cted. 


Thc'l nial elficiency is ~ ^ 1 ^ 77?^ P- 

Vi 7 1 7 1 
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In the adiabatic compression, 



er'-g" 


where the compression ratio, Ixdore heat 


H(mce the idc‘al air cycle eflieienevi is 1 


rect‘pt ion, is r -- 
/l\:' ' 


I’o 


When drawn to scale, the adiabatic and isothermal curves. 
Fig- 90, are close together, and the area of the idt^al indicator 
diagram repr(*sents an (‘xcec'dingly small amount of work for large 
range of pressure and volumc‘- 

A very bulky and heavy engine would be rc'quin'd to withstand 



V, V2 Vs 

Volume. . 

Fi(i. 90. C’atinot Cvclu 


the enormous (jompn'ssion ni'C-essary to giv(' only small power. 
The cycle is obviously unsuitable for an int(‘rnal combustion engine. 

In 1892, H(*rr Rudolph j)u‘Sel patented (No. 7421) a Rational 
Hexii Motor to work on the ideal Carnot cycle, described in his book 
of 1893. The i)roposed rational motor was to use all kinds of 
find — solid, licpiid, and gas— and to opc'rate as follows : (a) Isother- 
mal (iompn'ssion of excess air, the heat produced being carried off 
by water spray ; (b) adiabatic compression of the air to the highest 
temperature' of the cycle far greater than the ignition temperature 
of the fuel, to 250 atmospheres in a pulvcTized coal engine, modified 
to “only” 90 atmosphtTes (1,3001b. per sq.in.); (cj gradual and 
regulated injection of the. fuel, such as pulverized coal, into the 
hot air to produce gradual isothermal combustion^ so that the tem- 
])erature will not (‘xceed the compress^m temperature during expan- 
sion at constant 'pressure ; and {d) after the fuel cut-off adiabatic 
expansion of the surplus air and products of combustion would 
cool the gast's to the lownt’ limit of temperature, without artificial 
cooling of the cylinder walls, but, on the contrary, tlu'y should be 
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“ lagged to protect against loss by radiation of heat. By special 
arrangement the (exhaust temperature can be made lower than the 
atmospluTic temperatun', and can be used for refrigerating pur- 
poses.” “The combustion, in opposition to all hitluu’to known 
process(‘s of combustion, does not produci* any increase of tem- 
perature*, or at l(*ast only an uip‘sstMitial one, the higlu‘st t/emperature 
in th(* cylindc'r is produc(‘d b\^ comj)ression of air.” 

I'his first Jhesi'l engine* pat(‘nt was f)asc!d on a ])ractically impos- 
sible tluTinodynamic cych*, and ih(^ difliculties \v(*r(‘ found too, 
great without a wat(‘r jacket. In 1805. air injection of i)araffin oil| 




Fio. 91. Constant VonxiiviE Cycle. Fio 91a 


was adopted, at a pr(*ssure higlu^r than that of adiabatic com- 
]n'(‘Ssion, which was reduc(*d io 35 or 40 atmospher(*s, the* isothermal 
conqjression by water spray cooling was abandoned, and extt‘rnal 
cooling by water jacket introduc(‘d (p. 275). 

(2) Constant Volume Cycle. The ideal (pv) indicator diagram for 
this air standard cycle is shown in Fig. 01, with thc', state points 
marked 0, 1, 2, and 3 for piwssure, volumes, and tennperature. 
Fig. 01a is the tempi*rature entropy (T(f>) diagraiTi for this ideal 

pv 

constant volume cycle*. The value of ^ is found from the pv indi- 

c ator diagram just ])(‘f()r(' compression b(*gins, aiul tin* temperature 
at any point of the pr’ diagram is calculated on the* assumption that 
the s])eciric heat s of the idc*al ])erft‘ct. gas remain constant throughout 
the cycle. 

The entropy of the charge at Tq, rc^ckoned from 32'' F. or 402° F. 

rp 

(abs.), at constant prc'ssure. is (7^, log^^. The change of entropy, 

0 

at different ])oints on tin* compression and (*x])ansion cairves, may 
be calc'ulatecJ by (‘Cjuation (IS) (]) llO). Tin* (‘ntro])y at points C3n 
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the constant volume lines, during explosion and exhaust, is cal- 
culated* by (equation (16). 

Take 1 lb. of working fluid, the heat supplic'd or generated by 
the explosion of the charge'! at constant volume, after adiabatic com- 
pression, is and the heat reject(‘d at constant volume is 

C^{T^ - Tjj) ; the specific heat is assumed to be constant. 

Hence, the thermal equivahuit ni the work done during the 
cycle is — 

Heat recjcived - heat rc'jecded — - 7\) - - Tq) ; 

and th(^ ideal air standard efficiencn is 


cxi\-T,) 


1 


T - T 

'3 -^0 


T - T ' 

Since the compression and exjiansion art^ assumed to be adiabatic 

/IV' ’ 

and thi^ cfTiciency is 1 - ( — 1 

wh(‘r(‘ r ratio of (jompression 

T^iston displacement [- clearance volume 
Cj ^ 01earan'’>e volume' 

C. 

and y is takc'ii as 1'4, the value of the ratio for air. 

The value of y for the actual mixture in ordinary gas engines 
varies from 1-3 to 1 -.SS, and is usually taken as 1 -87 for the mixture 
of.coal gas and air at the ordinary i-tunperatun' ; and becomes less 
for a mixiun^ rich(*r in gas. 

Th(* ideal air cycle efficiency is reduced by an increase of the specific 
heats of the gases in the cylinder. 

Sinff C'„- r„ -- a, and 7 ^ ^ CT 


fl\Ji 1 a 

at is, I - c -- ( ^ ‘>T* y _ r 


and tb(‘ efficiency e 
th 


DifTenuitiate with rcspi'ct to and we have 
1 de Ji , 

~\-e ' da „ "" r V ■ 
dc 

■■ dC\. ~ ~ ■■ C 2 


'•>ge r 




lege r . 


* Graphioat iiicthods arc ^ivcn in J'rtir. Timt. Mrrh. Kiig., May, J 900, and 
February, 11)08. 
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Henor de 


that is, 




Suppos(‘. )' ~ 1*4, and compression ratio r — 5, what is the 
fractional clian^c of (‘nic‘l(‘ncy for 1 per cent increase in C'y ? We 

hav(‘, c ^ I - f 1 0-47i), 

dc 1 ( 1 - 0475 ) 

Then, - - -|„() j<>'4 X --, 7 .- 475 - X 2 :J():{ r)j 

1 (04 X 0-525 ) ' 

"" "100 I 0-475 ^ o-booj, 

1 ' 


X 2-:jo:{ 5 


X 2-303 X 0-009 


109 j, 


(0-711) --- -0*7n per cent 


i.e. the efficiency would dc'crc^ase 0-711 per cent when C\ is inoreasi'd 
1 ])er cent. 

Greater coin])ression of the. charge ])efore ignition incr(‘a.^\s the 
ideal thermal efficiency of th(‘ gas engine cyck*., giving highcT tem- 
perature and pressure, as well as greater exp^busion. The eff(‘(‘t 
of increased comf)ression is at once seen by tln^ nununical values of 

the ideal air standard efficiency ^ 1 - ( — | ; also of thos(^ wi/h 


also of thos(^ wi/h 


the lower values of y — 1-37 for the specific In^ats, su})]:)o.s('d 
constant, of a mixture of gas and air, which are still more reduced 
when allowance is made for the increase of specific heat of the 
working mixture at the high temperatures r(‘ached in th(‘ gas 
engine cylinder. 


Therm \T. Ekkiciency of Atr Standaud Cyi’T.f 


Ratio of 


Compression 

r - 1-4 

y - l-:i7 

1-: 

3 

()-3r»o 

0 334 

0-281 

4 

0-420 

0-401 

0-340 

5 

0-475 

0-440 

0-383 

() 

0-612 

0-486 

0-416 

7 

0-540 

0-613 

0-442 

8 

0-5G6 • 

0-537 

0-464 

10 

0-602 

0-573 

0-500 

12 

0-630 

0-601 

0-526 

13 

0-642 

0-613 

0-537 

14 

0-(;52 

0-ft23 

0-547 
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The curves, Fig. 92, also show the relation of the ideal efficiency 
for various values of the ratio of compression. The lowest curve 
gives the actual thermal efficiency obtained in the gas engine 
research* by Professor F. W. Burstall, which is about four-fifths of 
the ideal standard. In these trials the limit reached for most 
economical compression was 175 lb. ner sq. in. before explosion, 
using producer gas of lower calorific Value i()2 B.Th.U. per cub. ft. 
in the Premier engine, 16 in. diameter by 24 in. stroke, which was 
provided with water-cooling of the piston, valves, and ignition plug, 
as well as the jat'ket around the cylinder. 



'2 3 4 5 6 7 8 9 JO ir 12 13 
Compression Ratio. 

,Kiti. 02, ICccrcrcNcv or Aiu 8T\Ni3AUi> ant# Actiial (-vclks 

With higher compression the (^fficieimy apparc'ntly begins to fall 
off in these experimcnits. 

In ordinary engines, using a mixed charge, the risk of pre-ignition 
practically limits tlic^ compression, which has benm gradually raised 
in thc^ development of the gas engine'. In practice, the limit of the 
ratio of compression also clepcmds upon thc^ nature of the fuel ; a 
suitable compression ratio in engines using coal gas is from 4 to 7 
or 8 ; in pc'trol engines it varic'S from 3 to 5 or 6. High compression 
makes a weak mixture, such as that of producer gas or blast furnace 
gas and air, more easily ignited, and incr(‘,ases the rapidity of com- 
bustion ; while the lower mean temperature in the cylinder, due to 
the large proportion of the inert gases in the mixture^ rc'duces the 
heat losses during explosion and expansion. 

Super-compression. The mean effective pressure may be increased 
about 40 per cent, and the maximum temperature in the cylinder 
reduced by adding a certain proportion of air or cooled exhaust 
products at 3 or 4 lb. per square inch above atmospheric; pressure 
to the charge near the' piston at the end of suction stroke*. The 

* Proc. Inst. Mech. E., 190S. 
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ordinary rich charge in the combustion chamber near the charge 
inlet valve ensures ignition, while the inert gas reduces both the 
maximum and mean temperatures. 

Maximum thermal efhciency is attained with rather weak mixtures 
of gas and air. The temperature in the cylinder during the explo- 
sion rises nearly in pr()])ortioii to th(‘ compr(\ssion ratio and the 
strength of the gas mixture.^ Excessively high temperatures are 
produced by highly compressed rich mixtures. The specific heats 
of the products of combustion, carbon dioxide and steam, in the 
cylinder increase greatly with the tc'inperature, and, neglecting 
losses, the rise of temperature Avould b(* c(|ual to the heat generated 
divided by the average specific heat of the gas over that range of 
tompt^rature. When using weak mixtures the lower temperature, 
c;orabined with the corres])ondiiig reduction of heat loss, during 
(explosion and expansion, at high speed and higher compression 
ratio, gives an increase of thermal efficiency. c 

Messrs. Tizard and Pye Jiave proved* that the actual thermal 
efficiency with a 50 per cent weak mixture. Fig. 92, approach(‘S 
nearer to that of the air standard as the compression ratio is 
increased. Similar experimental nvsults have b(‘en obtain(‘d by 
A. F. Burstallt on a suitably designed very high sp(u^d gas (uigine. 
at piston speed up to 2,000 ft. per minute, giving highcT power and 
efficiency, and can work effickmtly with mixtures (^ven 75 p(‘r C(‘nt 
WTaker than the true explosive niixture. t 

S. W. Sparrow has also shown J that increasing the compressi(m 
ratio up to 14 : 1, gives an increases in the brake horst^ -power and a 
reduction of find consumption per brake horse-power hour at high 
speeds, due to the smaller heat loss from the combustion chamber, 
])rovided serious pre -ignition can be avoided. 

A WTll-d(‘signed gas engine can also bi* adjusted, by changing the 
proportion of combustibh^ gas to air in the charge, to give greater 
e(;onomy and steady running with a w'(‘ak mixture, producing 
lower mean temperature and lowa^r m(*an pressure* during expansion 
than the maximum prc'ssure possible . 

(3) Constant Pressure Cycle. The ideal pressure -volume and 
temperature-entropy diagrams for this cycle are shown in Figs. 93 
and 94. Heat is r(*ceived at the higher constant pressure* and 
rejected at the lowa*r pressure. No intiirnal combustion engine 
works on this cycle. In the Brayton engine, hf*at was received by 
the combustion, at (‘-onstant pn'ssun*, of th(^ compn^ssed mixture of 
fuel and air as it (;nt(*j'ed the motor cylinder until ( iit-off, followed 
by expansion and exhaust . Only so far did it approximate to the 

* Report of the Empire, Motor Piiels Committee, 

t “ Jilxjieriiiienls on t)io Power ajid ICfficlency of ilio High-speed CJas 
Kngiiie," l)y A. K. Biirstall, Jnstitutio}i. of Autonmbile Emfineers, 1925. 

t Rfpoil Xo. 205 of the Notional AdviH(j*:y Committee for Aeroncinticfi 
(Wash in pi on. P.S A ) 
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constant pressure cycle. Separate motor and pump cylinders were 
employed to compress the charge. 

The id(‘al operations are : (a) Adiabalit; (compression from i)q, 
Vq, Tq to I\ ; heat is received at ( (jnstant piessure, the 

temperatunc rising to Tj ; (c) adiabatic expansion from pn^ssure 
— Pi to 2 ^ 3 - the temperature falling to ; (d) heal- is n^jeeb^l at 
j)r(\SHur(c j).^ - Pq, the temperature ikilling to T,). 

The specific heat of the air is assumt*d to be constant throughout 
the cyc*lc. 

The heat taken in is - 7\), the heat n^jected is Cj,(T^ - Tq), 

and the ideal (‘hicit^ncy 



^3 Entropy. 


Volume 

Fig. 93 . Jdrag Constant Ftg. 94 

PiuQssTTTiE Aik l'(p Diagram 


The ratio of adiabatic' (‘xpansion is (^qual to th(‘ ratio of adiabatic 
compn'ssion, r , 

Ti T, [pj 

7 \- 7 \ /IV' * 

from whieli y’ -"T ~ [r J 

/l\r-i 

Ihmce the air standard (‘ffieiemey of this cycle becomes 1 - j 


Thus the thnu* ideal typt*s of (‘ngim‘ hav(‘ the same* thermal 
efficiency, provided the adiabatic, compression ratios an^ equal 
before the reception of heat. Yet the rang(\s of temperature would 
b(‘ very diffenuit, and for any gixTen ideal elticiency the C'arnot 
cycle has the least range of temperature. 

' The Diesel oil engine /ecedves heat at n(‘arly constant pr(‘ssure 
aft(‘r adiabatic (‘omprt'ssioii of (‘Xcess air, although a con^iiderable 
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proportion of the heat is actually received at constant volume. 
Adiabatic expansion ends when the volume is the same as that at 
which compression begins, and heat is rejected at constant volume, 
as shown by the ideal diagram. Fig. 95. 

On these assumptions, the heat received is G^{T^ - I\y) and the 
heat r('jeet(‘d is T^). The efficiency of this idc'al air engine 

of com])arison is ^ 



^2 Volume. 


KlC. DT). iDlCVh (’VCLIC VOTl DtTOSAT. I^^N(iTNK 


To (‘Xpress this (‘fficieiicy in terms of thi‘ voliinu‘ ratios — 

_ . „ . 1 Volume at cut-off 

Li‘t ratio ot compression r ^ , and p - — “ ,r i r i 

Vo Volume oi clearance 

th(‘n, during tJie adiabatic ojxu'ation, — - I\ . rV ' ; at constant 

pressure ^ = p, and 1\- p. T, - p . 'l\rV ' ; 

i 2 Vo 

also T^ = py . I\ 

T,-i\ T^[py-\) 

Substituting th(‘se valut\s, ~ T r^' ^ (p 1) 


and equation (1) bec'ouK'S 
Ideal efficiency - 1 - 


1 

r '(y(p-l)5 ■ 


which is ind(‘pcnd(‘nt of the temperature. . 

The factor d(ui(uids ppon tlie cut-off, and is greater than 

y(p-l) 

unity ; hence tht^ ideal cifficienev of this constant pressure cycle, 

. . ; , /I V ' . 


or a given compr(‘ssion r 


atio, is l(‘ss than f 


, but increases 
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V 

as p ~ is reduced. In the limit, when /o — 1, this ideal efficiency 

becomes equal to the air standard constant volume effieienc}^ for 
the same*- value of r, the ratio of compression. TIk' earlier the 
cut-off the more' economical the Diesel engine becomes, and the 
lower the temperatuK^- to which the products of combustion are 
reduced at the end of expansion,* and therefore th(' higher the 
indicated thermal efficiency. 

A reliabh^ Di(‘S(‘l oil engine was built in 1897, after four years 
of experimental work in the Maschinenfabrik Augsburg-Nurnberg 
(M.A.N.). 

In this engine the cylinder is thoroughly water jackc'ted. An 
excess of air is drawn into llu' motor cyliiKhT and comprt'ssed to 



Fk;. !Mi. I N i)i( ' \T()ii l)j\eit\Ms i kom ()ii< 


500 or (iOOlb. sq.iii. Another supply of air is raised by an 
ait compressor to about 1,000 lb. per sq. in., and stored in a resc^rvoir 
for starting the (‘iigine, and for the blast or injection air which 
])ulverizes the oil fued by forcing it, through linely perforated disks 
fitted around a fluted needU^ valve, into the compressed air in the 
motor cylinder. The air blast, at a much higher pressure than 
that in the cylinder, causes t urbuUuice in the (‘ombustion chamber. 
The ex])ansion or drop in ])ressure cools the air blast 50° or 60® C^., 
owing to the lower pressure of the compressed air. The finely 
divid(*d oil mist ignites at onc(* in (jontact with the hot air, and the 
rate of admission is so regulated that, about full load, the burning 
takes place at a slightly rising ]m'ssur(\ and when tlu) load is 
decreased the burning pr(‘ssur(^ gradually dc‘c;r(^ases, although the 
temperature ris(\s, during th(' lirst part of the working stroke 
Aft('i' c-ut-olf tlu'air and products of c.nmbustion continue to expand, 
driving the piston foi ward until ridc'asi' at constant volume, when 
the (‘xhaust gast*s are pushed out during the return stroke in the 
four-stroke cycU' . 

Fig. 96 shows two su])erimposed indi(*ator diagrams taken by 
Professor Dal by with his optical indicator, in trials of -a Diesel 
engine, having compression ratio r — 14'3, and cut-off at p = 1-56. 
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The comj)re.ssi()n (*urv(j is yjractically the same for each diagram, 
and admission of blast at 475 ib. per sq. in. Expansion begins at 
the point P, after the oil spray is cut off. (Sec Fig. 10, p. 19.) 

Some of the results obtained arc as follows — 


Pressure in Air Storage Bottle by gauge, lb. per sq. in. 
INfaxiinuni Pn'asuro in Engine C/ylinder, lb. per sq. in. 

lUast Pressure by gauge, lb. [)er sq in 

Moan Effective Prcs.sure, lb. ])er sq. in 

Phcrmal EfTieicncy from I.H. P. (per ccMil) 

Thermal Efficiency from B. H.P. (percent) 
Mechanical Efficiency, per c(*-nt 


0'S3 

l/;t Load 


1080 

1110 

478 

629 

575 

700 

()l(i 

102 

46 4 

400 

2M 

29 

45-5 

71-4 


If y — 1-4, th(' ifl(‘al air standard y for this cycle i.s ()’62, 

and the tlu'rrnal eilieu'iicN' from th(‘ indicator diagram at on(*--third 
load is 75 ])(‘r cent of this id(‘al ; and for 0-88 full load this cfficmicij 
ratio is G5 pm- (‘cnit, while th(‘ actual n‘sults on the brake arc much 
lower. 

Sir Dugald (.'lerk ].)()inied out* t-lu^ fact that the work done, by 
the blast aii- pump in C()mpr(*ssing tlu^. air inen^ases the work done* 
in th(‘ motor cylinder and th(‘ area of tlu* motor indicator diagram, 
in the same way tJiat additional eompressioii in tiu' power^cylinder 
would do \Nith mon' air added to the chaigc ; and, th(‘refor(‘, th(^ 
work shown by the i)last air pumj) diagram should b(‘ deducted 
from that of th(‘ powcu’ eylind(‘r diagram in ealcnlating the indicated 
liorse'-jjower. This necessary (orri'etion reduces th(‘ very high 
incorrect indicated (‘Iticicncy. usually given, of the ])i(‘S(‘l oil engine 
to a})out 89 or 40 ])cr c(‘nt, and incrcas(‘s th(‘ low mechanical 
efficiency, without changing the brak(‘ tluninal ellicumcy when the 
air blast comprt'ssor is driven by tin* engine. 

Thus the compressed charge* dot‘S not simply rei-civc lu^at by tlu* 
combustion of the oil fu(‘l, but more* air at much higher ]iressure 
from ih(‘ air compressor, a(ldc*d in the* blast Avith the fuel, inorcas(‘s 
tlie pressure and \v(*ight of the eliargc in the* j)()wer ciylinder, and 
therefore gives a higher expansion curve, increasing the area of the 
indicator (liagram probably 20 or 80 per ce*nt at light loads, whiles 
the cooling effect of the air irij(‘ction may cause mi^?lires. 

The only reliable iiudhod of determining the (*ffi(;ienc.y oi' per- 
formance is by the simple dir(*ei measurenu'iit of the brake povvcT 
d(*veloj)('d for a giv(‘n amount of heat suj)pli(‘d in ilui fia*! consumed, 
Av hen the air compressor is driyini by the engine*. 

Example 1. Au idral uir eugino works oji t in* following cydf : air is tHk(*ii 
in at atinos[)lu‘rio j)r(‘ssun* (15 0), per sq.m.) aiul t(‘inpc!ratur(i 00“^ E., and 
IK corn])rqfisi*d adiabatic'ally, llio pressure at t!.o end of the stroke being 

* Proc. lust. Mcch. K. (1912), ]>]). 239-7 and 254-6. 
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500 lb. per sq. in. Heat is taken in at coiiHlant presaiiro, and oxj)an8ion after- 
wards takes ]:)laco adiabatieally, the ratio of expansion being 5. TJie air is 
exhaust.ed at the end of the stroke, t lio heat assarned to be rejocted at. constant 
volume. Find the effieieiiey. Take the speeifie heats of air (\ - 0-238, 


and - 017. 


(r./:., B.Si\ (Eng.).) 


ir -238 , , 7 , V - 1 04 2 

Here y ~ i A -- — , and ' 

* -17 5 )4 14 7 

1\ - t)0" h ^60 520° F. (abs.). 

In Fig. 95, th(^ ratio of (‘oni])n‘ssion, 


Also, lh(‘ ratio of expansion 


— -- 5, and f\ -- 

^'3 


^ „ ratio of compression 12*24 

eut-olt p 7 . — 7 — 7 - — -- -r- - ^ 2 44S 

^ ratio of expansion v.^ o 

, . . . '^'2 /500\r 

In adiabatic compression ~ \ j 

•/ 

Taking logarithms, log T., -- log 520 + ^ (log lOh - log 3) 

- 2-71G(»() -| ^ (2-047712) = 3 15111 

and 1\ -- 1410’ F. (abs ) 

- 7', r. 

At constant [tressure ,jr - -- — 244 k. 

and T 3 -- 1410 < 2 44 S -- 3400'’ F. (abs.) 

/'bV ' /i\"' /n 

al.so 7 -^ - f j ( -.rj , a.n.l 'l\ 3400 f 

- 1821° F. (abs.) 

To cluH-li this ri^siilt, 

I\ I\ X pV - 520 .< 2 44S^-« - 182F F. (abs.) 

Now, lii'at takmi in per cyclic is 

6;,(T.,-To) -- 0'2:{S(mt)°- 1416 ) - 487*9 B.Th.U. 
and heat rejc'cted per cycle is 

(\{T^~T^) - 017(1821"- 520' ) -- 22M 

» 

Hence, lu^at conv(‘rt(‘d into work during ey cle - 2()6*8 li.Th.lT. 
ideal thermal efiiciency5=^ ^ — 0*547, or 54-7 per eent< 


(I \ 



278 


APPLIED THERMODYNAMICS 


Alternative ini-thod, by expression ( 2 ) (p. 274 ), the ideal air 
efficiency is 


ession r — 12 - 24 . 


, /IV' ' ( ) 

1 - 1^1 >, where ratio of eompressi 

Here j ^i 2 - 24 ) “ 0-3672 ; and p ^ ^ 2 - 448 , 

thus pV 2 - 448 ’-« - 3 - 5 , and y(p~\) 1-4 >; 1-448 = 2-0272 

Siih.st it utin^ tli(\st' Vcaluos in tlic a])oA (‘ (“Xpn'ssion, tJic officicncy is 

1 1 2.0272 ( ~ * - 0 -. 3(>72 x 1-2334 - 0 - 547 , 

or 54-7 pi^r ('-(‘iit . Answer. 


Example 2. An air eiipjinc AVorkrt on an icit-al (-yclt', iii liirii heat, ia rrceivcd 
al ronslaiii ])rt‘ssiin' and ri*j(‘ci(‘d ot- t-oiislanl voliiino. 7^1u* preHSiiro at llio 
tMid of tho siiot.jon stroke is 141b. per sq. in. (abs ) and It'iriporaturo 40° C\ 
Tlie ratio of eonijiression is 13, and the ratio of ex])ansion O-,'), If the ex])anaion 


and e.onipression evirves are adiabatic, 
jiressure and thennal ettieiency for the cycle. 


In -b'liif. 05 , the foiii])rcssioii ratio r 


constant ; find the mean 
{( .L., B.Sr (Eug.),) 




ratio is — - ( 3 - 5 . 


l 3/()-5 - 2 


sinci' 


and J Nd 


13 , and oxi)anHion 


P2 

Pi 


14 X 13 ^-'* - 507 -S lb pi-rsij.in. 


P.i 


Similarly, 


}U 

Pa 


I \i 1 




and 3 () 05 lb p(‘r s(|. in. 


Work done during e-ycle 

- 144 ^ 507 -S 


- J 44 ^ 5 (» 7 -S I 

and mean efTeetive pressure 
Work done (ft. -lb.) 
Stroke volume (cub. ft.) 


507-8 X 2 - 36-05 
0-4 
1 - 14 
0 - 4 ~ 

535 2 325-7 


1 -I 

507-8 >, 


13 


■ !'^-^)ft.-i 


i J 125 - 7 \ 
0-4 ) 


Ah. 

144 J 031 - 5 ft.-lb. 


144 < 1031-5 

144 X 12 “ ^)lb.i)ersq.m. 

Ariswer. 
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Again, ~ 


--- 1\, . vj 


*, and Ta -- 1\ 




-- 313° X 13« ^ - 873-2° 0. (abs.). 

T Tj 

At constant pressure, — -- — 

and Ta - 873-2 X 2 ^ 174()-4° C. (tibs.) 

T^ - 1746-4 X f - 826° 0. (abs.). 

During the cycle — 

Hi^at supplied to air 

- 6^^(1746-4° -873*2°) =- 0-238 x 873-2 207-8 C.H.U 

Heat rejected by air 

0^(826° -313°) -0-17x513 - 87-2 „ 


heat converted into work during the cych' is — 120-6 C.H U. 

120-6 

and ideal tlu'rfnal eHiciency -- - — 0-58, or 58 per cent. 

207 -S _= 

Answer. 

Otherwise?, by the expression (2) (p. 274), the ideal air engine 
efticienc-y is 


■ (f)’ ' i hX) j " ' ■ I ' i‘? i “ ‘ 


or 58 per cent. 


Tlu? Brayton Oil Engine, introduced into England by Messrs. 
Simon, of NotUnghatu, in 1878, was the first compression engine 
using heavy oil, but was not a practical success. The design was 
modified in 1882, and again in 1890.* 

The Priestman Oil Engine of 1888 was tht? first reliable compression 
oil engine to work successfully on '' paraffin ” or ordinary safe 
“ burning oils.'’ A measured charge was sprayed by comxjressed 
air into a vaporizer, where it was heated to about 300° E. by the 
exhaust gases escaping from the engine at 600° F. The charge of 
oil vapour was drawn into the power cylinder, together with an 
additional supply of air, during the suction stroke. The mixture 
was compressed and then fired by the electric spark. The exact 
regulation of the proper proportions of air and oil admitted to the 
spray maker, and controlled by thc^ governor, at different loads, 
made the oil engine a practical success as a self-contained motor . 
This engine was built in sizes up to 100 H.P. 

♦ Soc) Drawing# In Engineering, 15th July, 1892. ■ 


19— (S-134) 
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Compression Ignition Heavy-oil Engine. In 1890 a new type of 
oil engine, of simple construction, was introduec‘d, to work with 
heavy residual oils. Mr. H. Akroyd Stuart was the originator of the 
method of compressing air alone in the, motor cylindi^r previous to 
the injection of th(5 fuel oil by means of a pumj) and spraying nozzle, 
and of automatic ignition by compression of the air in the com- 
bustion space at the end of (^ngiiic cylinder. 

Prior to 1890 the compressed combustiblt*, mixtun^ in the cylinder 
of gas and oil engines was ignited by ihv electric spark, or various^ 
devices of flaine, heated platinum coil, iind tubes ]ce[jt hot 
external burners. 1 

The (‘ssential piorauT work which k^d to the invention of C‘-om-\ 
pression ignition of heavy oils in the internal combustion engine 
was carried out by Mr. H. Akroyd Stuart in his works at Bk*tchley, 
Buckinghamshire He b(‘gan (^xpcHmi'iital work on oil engines in 
188G, and in 1889 he tried to eliminate tlu^ ]^ossibility of, pre -ignition 
of the mixture of air and oil vapour during compression by taking 
a lean mixtun^ with jmre air alone next the ])ist()n. During tlu>se 
attempts he conceived tht‘ idea of lilling th(‘ engine cylinder with 
air alone on the sue.tion stroke, and ex})c'riment provc^d that the oil 
spray could be automatically ignit(‘d by inj(‘ctioii into the hot 
compress(‘d air in the vaporizer or combustion chambi'r when the 
piston Avas near the end of the (;omj)ression stroke', and before 
commencing its second outward stroke. Tlu' tmgine had n# eyliiidor 
clearance, except tli(‘ vaporizer, and all the excess air was com- 
pressed into this combustion chain bm* bc‘for(‘ the oil spra}^ was 
injected. The combustion chamber Avas not jaekett'd ; th(‘, Avails 
were corrugated and ])rovid(‘d Avith internal webs, giving a large 
heating surfaces. At starting it Avas heated I'xternally by an oil 
lamp until tht‘, temperature attaiiunl Avas sulHc ient to ignite a few 
charge's by compression. Then the eombusticai chamber was main- 
tained at a high emough temperatures b\' the h(*at retained from the 
explosions, together with tJui heat of the conijU’cssed air, to ensure 
rt'gular automatic ignition. In fact, the s])ring fitted on tlui air 
inlet A^alve at the end of the combustion chamber got overlu'ated, 
and its position was (*hang('d to the side of th(‘ cylinder ni'ar thci 
exhaust valve. By this method the Akroyd oil engine worked on 
the four-stroke c\yck‘ : Air alone was drawn into thc^ cylinder, 
compress(‘d into the vajioriztT, followed by oil jipray injection into 
the compressed air nc^ar tlu* end of the compression stroke, giving 
perfectly regular automatic ignition and explosion, and thim exhaust 
as stated in the Patent No. 714G of 8th May, 1890. This engine 
would work witliout pre-ignition, cmly when thc^ oil spray was 
injected near the end of the compression at firing time. 

Akroyd Stuart worked out another mc^thod of keeping the oil 
vapour and air apart, and gradually mixing them by compressing 
a portion of the air from the cylinder into thi' oil vajiour in the 



INTERNAL COMBUSTION ENGINES 281 

vaporizer until an explosive mixture was formed, giving automatic 
ignition as dc^scribed in the patent specification No. 15994 of 
8th October, 1890. A novel and important feature of this device 
was a contracted passage or bottle-neck between the combustion 
chamber and the motor cylinder, which is still a characteristic of 
many modern oil engines. The air was kept separate from the oil 
vapour until the c()my)ression stroke." 

JDuring his exp('riments with the bottle-neck vaporizer, he found 
that the oil spray or j(‘t inje(‘.tion could be timed so as to occur not 
only at firing time, but during any part of the com prcvssion stroke, 
or even of the suction stroke, to allow more time for vaporization, 
without any sign of pre-ignition. An adjustabli' cam was used to 
time the injection of the charge of oil, and deliver it quickly into the 



Fi(i. 97. [isruicATOR Diacuam with Small Charge from 
Akhoyi) Rxpeiumental Enoitste (1905 Type) 

vaporizer at any desir(‘d point of thc‘ suction stroke or during the 
comi^ression of th(‘ air to ensure the bi^st conditions of working. 

'Jlic va])()ri/A'r, once heated, was maintained at a sufficient tem- 
perature by th(‘ successive explosions and by the hot residual pro- 
ducts, to vapcjrize the oil spray and ignite the compressed mixture. 

Only part of the air drawn into the cylinder was compressed 
through the narrow^ neck into the oil vapour in the vaporizer to 
form an exjilosive mixture, when automatic ignition and explosion 
followed in the* next out-stroke, and the flame was projected with 
great turbulence into the surplus air in the motor cylinder. 

A clearance space, of a quarter of the cylinder diameter, was left 
between thc^ ]jiston and the back end of the cylinder, which was 
filled with relatively pure compressed air to prevent (contact of the 
unburnt or partially burnt products with the* piston and cylinder 
walls ; also to supply “ an excess of oxygen to complete the com- 
bustion originated in the vaporizer, and thereby burn up any carbon 
which might otherwise form deposit.’' 

The Akroyd Stuart Patent No. 28045, of December, 1904, was 
an extension of this hot bnlb type. Instead of injecting the whole 
charge of oil fuel into the heated vay^orizer, one pump is used to 
supply two sprays of fue^ one to the hot bulb and the otl^er into 
the cylinder by means of a nozzli*. in the contracted neck. Excess 



282 


APPLIED THERMODYNAMICS 


of air drawn into the cylinder between these charges serves the 
twofold purpose of providing automatic ignition of the charge in 
the vaporizer, and acting as a cushion to further compress, heat, 
and fire the charge in the cylinder. In some cases the injection of 
the fuel charges was delayed until the compression stroke, and, by 
using a moderate compression and a hot vaporizer for automatic 
ignition, a higher mean effeciuivc pressure was obtained than by 
the ordinary hot bulb. 

This is the principle of dual combustion. 

In February, 1891, the Author tested th(‘ Akroyd type of com- 
pressi^d air automatic ignition oil engine,* at Bletchley, and working 
as dtiscribed in the patcmt specification No. 7146. The engine used 
intermediate shalt^ oil of specific gravity 0-854 and flash point 225°F., 



Fiu. 974. Inijicatok Diagram, Arroyo FiNrciNR (1890 Typr) 

which was drawn from a tank and quickly forced, by a little ])ump, 
through a sjiraying nozzle into the combustion chamber, just at 
the proper moment for ignition, near the end of the compassion 
stroke. The oil spray was ignitt'd automatically whc‘n comiiig ^to 
contact with the compr(\ssed air in the combustion chamber or 
cartridge, and the explosion followed rapidl} . Th(^ spring of the 
indicator was not stiff enough to record th(^ t^xplosion pressurii quite 
accurately, but the brake horse-power was carefully measured. The 
exhaust was perfectly clean, shoving completi^ combustion with 
excess of (compressed air, and the compression ignition was quite 
regular, as shown in the indicator diagram. Fig. 97a. The quantity 
of oil injected was regulated to suit the load on the engine, and the 
speed was controlled by a sensitive centrifugal govi^rnor which 
opened a by-pass valve and allowed the oil delivert^d by the pump 
to flow back to the oil tank, instead of passing through the sprayer 
into the combustion chamber. The cylinder was watcT-jacketed, 
the worldng parts f(cw, of m^at design, and remarkable simplicity. 

The engine, rated at 6 11. P., worked smoothly and steadily at 
216r.p.m., developing 7-6 B.H.P. The consumption was consider- 
ably less than a pint of the h(»avy oil fuel per brake horse-power hour. 
In fact, the novel method of ignition and its regularity appeared too 

* HviotJournal of the Society of Arts, ApriJ, 18S1, on “ Tho Uses of retroleum 
in Prime Motors.” 
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good to be true, and the Author made trials on another engine 
driving the shafting in the workshop, with similar rt'sult. 

This early type of Akroyd oil engine worked on the same principle 
as the Diesel engine of 1897, inasmuch as excess air was cornpressfid 
in the cylinder before^, oil inji ction, and differed from it in that the 
compression was not so high and the combustion chamber retained a 
greater proportion of heat from suct5(\ssive explosions ; while the 
simple, prompt, and direct airless injection of oil by a pump through 
a spraying nozzle, at the proper moment, produced exi)losion at 
constant volume, and did not necessitate tht^ use of a vwo or three- 
stage air compressor with inter-coolers, air receivers, and accessories 
as in the Diesel oil (mgine. 

Messrs. Hornsby, the licensees, were content to develo]) the hot 
bulb type of Akroyd (*ngine (Patent No. 15994), although the other 
tyyje was the first favoured, and is now built with various modifica- 
tions of design in engines of larger output and high (‘fliciency. 

The Akroyd w^ater jacket cool(*d vaporizer (Patent No. 3909, 
February, 1892) allowed higher compression to be adopted with 
gradually incr(‘ased thi'rrnal (‘tficiency. 

During the y(‘ars 1905-6, Akroyd Stuart made expe^rirnents on a 
“ Hornsby -Akroyd ” engiiK' alti^ed to work ('xactly as described in 
his original Patent No. 7140, of May, 1890, with timed oil spray 
injection into compressed air at firing time. By taking advantage 
of the cooling jacket on the vaporizer, th(‘ com])ression was raised 
from 90 to 120 lb. per sq. in., with improv(‘d economy of fuel. 

In practi(5e, low working })ressure, (‘ombinod with simple and sub- 
stantial d(\sign and compk'tc! combustion, arc important factors for 
ensiiring reliability and durability in self-contained prime motors 
of comparatively small output for agricultural purposes, in the hands 
of unskilled attendants. 

The constant volume explosion engine has the possibility of 
greater economy of oil fmd and simplicity by airless injection into 
highly coinpressc'd air, without the multi-stage air compressor in 
the Diesel type, which must compress the air for injection to a 
temperature much higher than tlu^ ignition temperature of the oil 
fuel, bcH^ause of the very ccmsiderable cooling effect of the air from 
the receiver at 1,000 or 1,200 lb per sq. in., as the air blast passes 
through the spraying valve and expands down to the pressure of 
the coinprc‘ssed air charge in the engine cylinder. 

One essemtial of primary importance is the thorough pulvcrizaticm 
of the h(‘avy oil fuel into fine mist or fog, of particles so small that 
each one is surrounded by sufficient air for rajud and complete 
combustion. Each globule must be ccynpletely vaporized and burnt 
befere coming into contact with a cold surface, to which it would 
adluTCi and burn slowly, tending to form a deposit of carbon. 

By airless injection the ®il-spray cloud is (|uickly discharged and 
cut-off without any dribble of liquid, through the minute orifice of 
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the nozzle by direct action at very high liquid pressure from a 
positively driven injection pump plunger, and may be given a 
combined axial and whirling or rotary motion, in order to produce 
turbulence, which increases the rate of fianu'- propagation throughout 
the whole mass of the compressed fiir cliarge. The term “ airless 
injection ” has been adoptt'd to distinguish oil engines of the 
Akroyd Stuart typ(‘ from th('*T)iesel engine employing “ air injec- 
tion ” of the fuel. 



Modern airUvss inji'clion, f*om])ression jgnilion h(‘avv-oil engines, 
working on the four-slroke and tv\o-strok(‘ cycles, have been 
developed* by Brit ish (uigineers from lh(‘ original j)ionf'(‘r engine of 
Akroyd Stuart, and marked progress was Jiiadc in using (dficiently 
heavy low-grad(' residual oils during tin* war. The evolution of the 
modern Kuston and Hornsby h(‘avv oil engine, Fig. US, is of syiecial 
interest. The (‘sstuit ial yiarts for airl(*ss injection consist of a. syiraying 
nozzle, known as an alo'mizer or pulrcrizer, and n fuel pump yilunger, 
driven by a steep cam, which d(div(‘rs th(‘ chargv* of oil find quickly 
at th(‘ correct moment ru^ar the* (*nd of compn^ssion, to the pulverizer, 
wh(ue it ]s brok(*n uj) into firf(‘ sjiray cloud and discharged at high 
velocity into lh(‘ water jackeded c-omhustion chamber. The 
yinsssure of th(^ oil is controlled by a spring loadt'd needle valve, 

* 8co “ iSomo Liiifolnshirc Oil ICnginc.s,'’ l*ror, J nMt. Mcrfi. E., October, 1920. 
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and may be 2,000 lb. per sq. in. The synchronism of the pump and 
pulverizer is automatic ; the positive action of the pump tends to 
keep the passages in tht^ nozzle clean ; and there is no trouble from 
leakage or sticking up ” of the fuel valve. 

The compression prt'ssure of the air in the cylinder btdore the 
oil injection dc'pi^nds upon the quality of oil fuel used, and whether 
the ignition is wholly due to compression timipi'rature or partially 
to a hot unjack(‘ted cap. In some engines of the latter type, a 
pressure of 280 to lb. per sq. in. may be suffich'nt (see p. 292). 

The gov(‘rnor controls the quantity of fuel dt'livered to the 
engine to suit the load. 

In order to (uisure reliabk‘ starting from cold by compressed air 
from a recfdver at about 250 lb. ptu* sq. in., with the cylinder head 



Kjrj. InJITCXTOH l)l\<iRkM I'UOM J\eST()N Hkavy-oil Kncine 

ce Hornsby) 


completely water jackeU^d, as in Fig. 98, a e-om])n‘Ssion presvsurc of 
880 to about 425 lb. i)(t sq. in. is r(‘qured to raise the temperature 
of th(‘ ail' well abovt* the ])oint of spontaneous or self -ignition of the 
heavi(‘r oil fuels, owing to th(‘ short period available for the vapori- 
zation, ignition, and eofnpl(‘t(‘ inflammation of the charge of oil fuel. 

The more', rapidly th(' heat can be added th(^ greater will be the 
lluTinal efticiency, becaus(‘ of the eooling action of cylinder walls. 
Also the t'xplosion at I'onstajit volume gives a vertical line on the 
indicator diagram, Fig. 99, and attains a maximum pressure of 
about 5(19 to (lOO lb. jicu’ s((. in. 

Th(‘ indicator diagrams of these compression ignition oil engines 
at full load show^ that, part of the heat is also added b}' the com- 
bustion continuing for a V(*ry brief ])eriod at nearly constant 
pressure. When d(*aling with the heavier fuel oils, the injection 
g(‘nerally starts about 15 degn‘t‘S befftre the tmd of the compression 
stroke. 

4^he light s])ring diagrams, Fig. 99 (a), indicate vc^ry low^ resis- 
tance during the exhaust and suction stroki^s. 
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The engine, when cold, is started without any external heating 
by means of compressed air at 250 lb. per sq. in., and after about 
six revolutions of the crankshaft, the air valves are shut, the oil 
fuel pumps put into action, and the charge is fired automatically. 
The air receiver is charged by a small compressor driven by the 
engine, during about 15 minutes after each start. 

In one dt‘sign the engine de^v'elops a continuous working load of 
160 B.H.P. and a maximum of 200 B.H.P. per cylinder at 170 r.p.m., 
giving a brake thermal efficiency of 35 per cent. The consumption 
of heavy fuel, of calorific value 18,000 B.Th.U. per lb., is even less 
than 0-4 lb. pt‘r brake horse-power hour, under best conditions. 

In tests of 6 hours’ duration madc^ by th(* Author on a Ruston 
high compression engiru' developing 80 B.H.P. at 210 r.p.m. on 
Mexican residual oil of spt‘(;ilic gravity 0-920 at 60° 1<\, and having 


Stop 



Fig. 99a. Light 8i*iiing Djaguaims of Fi mj’Ing Stiiokfs from IIkui 
Compression ilEAvv-oiL En(Une. 


lower calorific value 18,000 B.Th.U. per lb., the rate of fuel con- 
sumption was 0-4 lb. per brake horse-power hour, that is, equivalent 
to 35 per cent brake thermal effici(m(‘v. This high efficiency was 
extremely good for an engine just constructed, and not specially 
prepared. The engine v^as started from cold in 30 sec., and through- 
out the trial the cngiiu* ran regularly without any attention, exce.pt 
the supply of fuel and lubricating oil, which was caridully weighed. 
The water jacket outlet temperature increased fin)m 100° to 120° F. 
At the (md of the trial the engine ran (‘asily at 10 per cent ovc'rload — 
88 B.H.P. The performance was ex(;ellent and th(^ trials in every 
respect satisfactory. 

Indicator diagrams Figs. 99 and 99 (u) were taken during the 
trials. 

For cylinders of diam(‘ter under 20 in., the exhaust valves and 
pistons are not w^ater cooled, yet in continuous working at a mean 
effective pressurt' of 85 to 901b f)er sq. in., they show' no sign of 
overheating. th(‘ (‘xhaust ga.y\s being at the coinjiaratively low 
temperatun' of about 300° (L (580° F.). 

In the cylindi^r, at the working load, the rate of heat flow is 
about Jkl,000 B Th.U. ])er sq. ft. per hour, (and depends largidy upon 
the design of the (‘iigine. 
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Fig. 100 shows the fuel consumption curves from tests* made 
by the late Captain Riall Sankoy on a Ruston and Hornsby twin- 
cylinder, horizontal, compression ignition oil engine, each cylinder 
18J in. diameter and stroke 30 in., developing 130 B.H.P. at full 
load, and 175 r.p.m., on a thick, treacly Anglo-American oil, the 
lower calorifics value of which was 18,050 B.Th.U. per lb. The best 
economy of fuel, 0405 lb. per B.H.9. hour, was obtained from 75 
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to 85 per cent of full load, and the engine ran pf‘rfectly from 8 a.m. 
until 6 23. m. 

Mr. W. A. Tookey found 2 >ractically the same rate of fuel con- 
sumption and thermal efficiency as in Fig. 100 in a series of tests 
on a Ruston and Hornsby vertical type*, cold starting engine, having 
four cylinders, c^ach 10 in. diameter and 22 in. stroke, developing 
over 4(K) B.H.P. at 250 r.p.m., when working on Diesel ” fuel oil 
of S23ccilic gravity ()-895, and (analysis C, 77*3 2 >cr cent ; Hg, 12-7 
per cent) lower calorific value 18,130 B.Th.U. per lb. 

Thick, hc^avy, low-grade oils of great viscosity and high ignition 
tein 2 >erature, like' tar oils, have to be warmed to flow through the 
service ])i23es and filters to the hc^ati'.r on the exhaust pipe of the 
engine. A lighter oil may be used at starting, until the engine is 
heated up and the exhaust hot enough to make the heav^y oil fluid. 
Then the best results, at all loads, aft' obtainc'd with 'pilot ignition^ 
6 to 10 23er cent of tlu' fuel oil having S 2 )ecific gravity 0-92, by the 
device shown in Fig. lOL The 2 >ilot oil, of low ignition point, is 
* Proc. Inst. Mcch. E., Octobor, 1920, p. 09S. 
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injected just ahead of the main ehargc of heavy tar oil. The smaller 
pilot pump is actuated by the impulse of the oil pressure on the 



Kid. 101. Pilot Oil JMtmp and SiMfWJOJt jou '1 'au Oils 
[Hustu}\ d* liornshy) 


8t(*ppfHl plunger in th(‘ main pump. The sprayer eontains two sfiring 
loacl(‘d lU'etlle valves, th(‘ inm^r disehargf^s tlu^ pilot oil, which is kept 
constant at all loads, and the outer the main eharg(‘. of tar oil. 



Volume . 


Fig. 102. Dijj.l Combustion Cycle 


In the ideal dual-COmbustion cycle of internal combustion engini^s, 
Fig. 102, part of the fuel is burned at constant volume and the 
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remainder at nearly constant pressure. This process of combustion 
is practically obtained in the heavy oil engine at high compression, 
and is termed “ after-burning,” defined as the burning which takes 
place after complete inflammation in a weak gaseous mixture in 
high speed engines.* 

Indicator diagrams clearly show that, in practice, there is dual- 
combustion in engines working on the|constant volume and constant 
pressure cy(‘-les. It is most distinctly marki‘d by thc^ introduction 
of a pilot charge in advance of, and to ensure the combustion of, 
the main charge of heavier i-ar oils which have great viscosity. 

The id(‘al th(u*iiial (‘fliciency of this cycle, assuming constant 
specific heat, is given by the ex])ression 

r>' ' - 1 + ya(p - ]) 

when* p is'fho samo rat io an in (2) (p. 274), and a is the. ratio of the 
maximum explosion ])ressur(‘ at constant volume to th(‘ pressure at 
the end of f lic c-oinpression strok(\ 

l^hc' h(^at add('(l at constant volume raise's th(' ('fliciency of that 
at constant prc'ssure, and the advantage of dual combustion is to 
maintain the thermal (*ihcienc-y with an in(;r(*ase of mean effective 
pressure, but this produce's a very large increase in the maximum 
temperature. 

In 1891, Mr. Day ])atented a small vertical two-stroke cycle gas 
cmgine of extreme nu'chanical simplicity, with no valves (ex(‘ept one 
operated by the gov(‘rnor). Thi*, crank-case is (mclosed and used as 
the rcceiv(‘r of the combustible mixture, somew^hat like the Hobson 
type. Thrc‘(' jiorts are arrang('d in the cylinder wall, and the piston 
covers and uncovers these, while the engine, wdll run indifferently 
in either din'ction. A reduction of speed, with advanced ignition, 
may caust*, a sudden revi'rsal of the engine, unkiSs the ignition is 
set later as the speed falls. Enormous numbers of these little (mgines 
have bec'n developed, with modifications, to run on petrol or gasoline, 
especially in Anu'iica. 

Professor W. Watson, F R.S., and Mr. R. W. Fenning made 
experiments on a Day vertical marine petrol engim^, in 1910. The 
cylind(T diameter was 8} in. X in. stroke, rated 2-5 B.H.P. at 
900 r.}).!!!. ; the compressiem ratio 4‘()7 to 1 ; tlie volume swa'pt by 
piston 27 cub. in., and the total volume from bottom of stroke 
34-5 cub. in. The ring of exhaust ports considerably reduced the 
(effective length of strokt . The port area was 15 per cent of the 
piston area. The proportion of each fresh charge which escaped 
unburnt through the exhaust port »axs 36 per cent at 600 r.p.m., 
reduced to 20 percent at 1,200 r.pm ; the vcflumetric efficiency 
was only about 40 per cent, and the increase of speed reduced the 

* Proc. Tnut. Mcch, E., December, 1920, p. 1235. 
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mean effective pressure from 62-5 to about 44 lb. per sq. in. At the 
higher speed there was (considerable wirci drawing between the 
carburettor and crank-case. In order to allow more time for 
charging, in. was cut off the lower edge of the piston opposite the 



Fig. 103. Tire Fktter Two-.strokf. CyclI': Oil Fncjine 


port, Avith improved ivsults. Increase, of s])eed from 900 to 1,200 
r.p.m. reduced the ratio of volume retaiiiccd to tcjtal volumic from 
33‘() to 32 per ((‘iit, while the mean (‘ffiH'tivi' pressun^ was reduccul 
from ()5-5 to 63-5, and the brake horse-power increased from 3-27 
to 4-2. Throttling of th(' mixture to reduce the spiH'd ttmds to 
make the charge's weakc^i* and may lead to misfiring, or ignition only 
at every alt(*rnate out-stroke, with much higher explosion ])ressures. 

The Fetter two-stroke cycle, cold starting oil engine, Fig. 103, 
embodies an ingenious combination of the valv(‘iess engine' and the 
hot bulb, with air scavenging ; in which thc' improvi'inents in 
design eliminatcc many of the difficultucr inlucricnt in the (‘arlier 
c'ngines, and giv(' an impulse e.vtcry revolution of the crankshaft. 
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In Fig. 103, tho piston is shown at the bottom of its stroke. 
During the explosion and expansion downstroke the piston uncovers 
the exhaust and air ports at about four-fifths of its Htrok(\ and the 
products of combustion are driven out by the air. which has been 
previously compressed in the crank-case to 3 or 41b. per sq. in. 
above the atmosphere. Thi‘ exhaust ])orts are so arranged that the 
(‘-xhaust gases in tho cylinder haveibeen reduciul to atmospheric 
pressure before the sc'.avcnge air is admitted, and th(‘ curved 
piston head tends to deflect the air flow upwards. During the 
upstroke the piston covers the air and exhaust ports, and compn^sses 
the air in the upper part of the cylinder, while the siK'tion of 3*5 lb. 
per sq. in. bi'low th(' atmosph(u*(', 
producK^d by th(^ lower end of 
the piston, draws fresh air into 
the crank -case. 

The air jnlt't valv(‘S, made of 
special S2)nng steel, ar(‘ Tiiounted 
on the front and back of the 
crank-cas(^. Th(‘ cylinder barrel 
and head ar(‘ well \\^attT-ja(ik(d(‘d. 

The oil fut‘l is injected by a 
pump into thi^ vaporizer or hot 
l)ulb, through the sprayc^r, n(‘ar 
tile end of lh(‘ compression 
stroke, and intimately mixed 
with the compre^ssed air so as to 
ensure automatic ignition. The 
goviM’nor enabh^s the timing of 
the injection t-o be varied, as 
well as th(‘ control of the- quantity of fuel, by altering the stroke 
of the pump plunger. As the- stroke of the fuel pump is reduced, 
th(‘ governor automatically advances the timing of tlie^ iiije-.ction. 

Single cylindeu' I'ngines up to 18 B.H.P. have a compression relief 
valv(‘ littc‘d in the* cyliiid(‘r, which allows the engine to be cranked 
round by one man. With twin cylinder engines a compressed air 
starter is sui)])li(‘d. 

The P(‘tter cold startcT consists of a ])a])er tube or cartridge 
c-ontaining a ]ireparation which is slijiped into a steed holder and 
when lighted by a match, is scrcAved into the vaporizer. This 
siqjpliers the initial heat to lire tho first few charges Jn the engine 
until the tube holder, which is flush with the inner wall of the hot 
bulb, becomes hot enough to carry on tlu^ combustion. Jn this 
way the engine is started up to normal speed in 30 to fiO sec. 

in a scries of tests inadc^ by Messfti. Burstall and Monkhouse on 
a 12 B.H.P. engine at 532 r.p.m., the fuel used was Persian gas oil 
of specific gravity 0-869 at 60” F., and calorific value 19,460 B.Th.U. 
per lb. Tests were also madt^ using Asiatic Tarakan Fuel oil, of 



Brake Horse Power. 

Fig. 104 . Kksults or Tests of 

PETTEliYi'WO-STROIv I'] CvCTiE 

OiFi Engine 
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specific gravity 0-942 at 60“ F., and calorific value 18,960 B.Th.U. 
per lb. The engine was started from eold and ran without load for 
an hour without any special adjustment ; full load was suddenly 
put on, the engine ran easily and the exhaust was clean. 



Fiu. lOT) Vk keks-Pkttkus Pw u-strokk 
Cycle Heavy Oil Hn(;ine 


The chart, Fig. 104, has 
been pl()tti‘cl from the re- 
sults of tests given in the 
Report. The oil consump- 
tion at full load was at the 
rate of ()-501b. per brake 
horse-power hour, and the 
brake thermal efficitmey 
22 2 per cent ; while the 
av(‘rag(^ c(msum[)tion of 
lubricating oil was O IG 
])int j)er hour. At a 20 
pi‘r e(‘nt overload, the 
actual brake liorse-powtT 
was 1518, fuel consump- 
tion 0(32 lb. ])er brake 
horse-jiowc'r hour, and 
brake thermal c*lliciency 
21 '1 ])er cent, ealcailated 
on the high(T calorilic- value 
of the fuel The . lower 
calorific valuer was^ about 
18,140 B.Th.U. per lb. 

'^riic' only altfU’ation made 
to thi* (‘iigiiu^ for the 
lu^avier oil fuel was to ad- 
vances thi^ pump eccentric 
(3 degre(‘S. 

Governor tests were 
made by the full load being 


thrown off, giving about 3 per emit variation m spei'd, to which 
the engine settled in 2 or 3 sec. 

The Vickers-Petters two-stroke cycle hi*avy oil engine, Fig. 105, 
is of great simplicity and works with a modt‘rate comj)r(‘ssion below 
300 lb. per sq. in. 

The cylinder h(‘ad and spherical combustion chambiT are com- 
pletely water-jacketed. The scavenge air is cornpri‘Ssed in the 
crank-case to 4 lb. per sq. in. Oil interceptors and sealing rings are 
designed to obviate inteiual pressure on thi^ main bearings, which 
would lead to exc^essive consumption of lubricating oil. In starting 
the engiru‘, initial heat is provided by a special burner or an 
electric torch, and compressed air fropi a receiver is admitted 
through valves operated by cams on the crankshaft. When the 
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engine is heated up and has attained running speed, the use of the 
burner is no longer required. 

Airless injfH;tion is used. A e.onstant supply of oil is delivered at 
high pressure^ by a pump to the atomizer, and the centrifugal 
governor regulates the charge admitted by a valve to suit a varying 
load, any ex(‘ess bedng returm^d to the oil sup]^ly tank. 

The automatic; ignition of the spra^a^d oil fuel is ('tffec;ted by the 
temperature of compression. Owing to the low working pressure 
adopted, the brake; m(;an c'fTeetivc' pressure is al)()ut 40 lb. ])er sq. in., 
and each cylinder develops not more than SO B.H.P. at250r.p.m. 
A marine oil engine; of output 450 to 500 B.H.P. e;orisists of six 
cylinders. 

High-speed Heavy-oil Engine. An im])ortant advance in the 
de;ve;lopment of the oil engine; in ove^reoming the* dillic'ulties of using 
heavy oils etticiently with high compression ratio in high speed 
engine;s, having ee)mparative;ly small bore cylindt;rs, is deseribed* 
by Mr. Alan E. L. Phorlton. 

In order to ensure rapid and e;oni])lete; com bust ion of heavy 
residual oils in a multi-eylinde;r engine* running at about 1,000 r.p.m., 
the fue‘l inje*etion ])ump has to measure accurately the exact charge 
of oil fuel for e‘aeli cylinder, and to inject the oil unde;r high pressure 
through the atomizer as exceedingly line' spray into the compressed 
air in the combustion e*hamber with a quick start and shar]i e;ut-ofi 
to its flow. The* iie*e;essary conditions are : (1) pre‘cisi; me'asuronent 
of the* fuel cliarge, (2) injection during a de‘tinite pi*riod, with 
(3) iiistantane‘e)us e'ut-olf, (4) line division or pulve;rization of 
the^ oil, and (5) avoidance; of contact of the oil with the cylinder 
wall during ra|)id discharge into an e*xe(;ss of highly e'ompressed 
air. 

The prinedple of the oil fuel pump devised by C-horlton is shown 
by the diagram, Fig. lOfl. The punip plunger actuated by an 
ecce;ntric gi^a'S the* oil fue*l a re*e;iprocating, to and fro, motion 
through the ])assag(* A. I^xaetly at the; right moment this passage 
is iiiterrupte'd momemtarily by a high spe*ed valve; B. The effee;t is 
to S(‘nd a vibration through the oil column, be;twe;e‘n the valve B 
and the atomizer, which lifts the atomizer valve off its seat, and a 
small quantity of oil is forcc'd ])ast it at high f)ressure. It is then 
rapidly drawn to its se*ating again by the reflex ac‘tion, giving a 
quick cut-off, when the valve* B reopi*ns. 

Another fe*ature of this high-sj)(;(‘d vertical engine is the use of 
special e.ast steel in tlie* construction ejf the; frajne, forme*d as a light 
square box to eae'h eylinder. The walls of this multi-ce*llular crank 
casing are; e*ontinued to the crankshaft be*arings, and carry directly 
the stress due to the high e*xplosion ensure*, and are adequate even 
when the thickness of the cast steel is only I in. The e;ylinder liners 
are thin, hard, steel tube;ij, and the pistons and cylinder covers are 
* /Voc. y. Mevh. E., Marcli, 1920. 



294 


APPLIED THERMODYNAMICS 


of aluminium alloy. With ample water-jacket cooling, closer piston 
fits are possible, and in the cylinders of small diameter the piston 
and rings are found to maintain the tightness with quick revolution 
engines and high jDressurc lubrication, under all loads, better than 
the low speed erngine with a large cylinder. The higher piston 
speed also gives more rapid firing, desirable on the constant volume 
cycle. 

An 8-cylinder engine, with cylinders 8J in. bore by 12 in. stroke, 
normal rating 400 B.H.P. at 750r.p.m., weighs only 2J tons. The 
average weight /power ratio is 15 to 20 lb. per brake horse-power. 

Applied to railway service, the engine, by a special relay governor^ 
runs between 250 and 750 r.p.m., according to the speed of traiiji 



required. In ]iractice, the cost is stated to bo l(\ss than that of 
steam }X)wer. The fuel used is standard Diesel oil. 

The results of tests with ►Shell-Mex Dii'sel oil fut^l art', given in 
the table. Series A was carried out by Professor Mt^llanby on a 
standard engine ANith normal maximum prt'ssure. Scrubs B on a 
similar engine with improved mechanical efficiency, having been 
running longer. In series C a high maximum pressure was ust'd. 


Test 

Series 

Duration 
of Test. 

Sjieed. 
Kev. per 

Brake 

Horse- 

Fuel ("on- 
sumjition. 
Pound per 

Temperature of Cooling 
Water. 


Hours 

minute 

power 

B.H.P. }iour 

Inlet, “F. 

Outlet, °F. 

A 

H 

()89-3 

100*20 

0*418 

121*5° 

127*4° 

B 

3 

700 

172 

•385 

120° 

128° 

C 

3 

1007 

424 

•305 

140° 

150° 


The “Scott-Still” Marine Oil Engine. This regenerative oil 
engine, invented by Mr. W. J. Still, consists of a combined internal 
combustion engine and steam engine, in w^hich heat from the exhaust 


195 
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gases and that usually lost from the combustion of the fuel through 
the walls of the cylinder liner to the jacket cooling water, is recovered 
and utilized in the generation of sttmm, which does work in the 
steam engine cylinders, and the exhaust steam from these drives 
a low pressure steam turbine. 

This particular installation is only one example of the application 
of the Still principle of waste heat recovery, and is chosen on account 
of the very complete and independent tests published.* For 
instance, another ship may be better suited by the Scotch type of 
steam boiler, and, in the case of a trawler, by a vt>rtical Cochran 
boiler. 

The arrangement of cylinders in the Scott-Still marine oil enginiB 
in the motor ship Dolias is shown in the vertical section,! Fig. 107^. 



Ca^t-iron Inter, m ild steel hoop, (^fit-iron liner and joekef 
mild cast stcAd jatkei 


Fig. JOS. Comi’ahihon or ('ylindeh ('oNHTuerTToN 


The combustion cylinder at the top of Fig. 107 has the thin liner 
ribbed parallel to the axis, Fig. lOH, fixed into tht‘ steam cylinder 
below it, and free to expand at its upper end, while the steam 
cylinder expands downwards. 

This liner is reinforced against bursting j)ressure by steel hoops 
at the top. This construction, with mantle or shrouds, also aids 
the special circulation and generation of steam within the w'at(‘r 
jacket, Figs. 108 and 101) ; wliile th(" small difference of tempera- 
ture, about 60'" F., between the inner and outer skin of the liner 
reduces the heat stressi's. 

The oil engine works on the two-stroke cycle, and automatic 
ignition of the charge is (uisured at the comi)arative!v low com- 
pression pressure of 3601b. per sq. in., owing to the high tem- 
perature of the jacket and cylinder walls. 

* Proc. 7. Mech. E.^ Marti), 1926. 

' t 7Vifi Engineer, Novemb^*r, 1923. 
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The oil fuel is supplied by airless injection through a spring- 
loaded valve from a pump operated by a cam, which fixes the timing 



Fio. 109. Water and Stisam Circulation in Still Engine 
Cylinder Jacket 


of the fuel spray injection into the cylinder at a pressure of about 
3,500 lb. per sq. in. produced by the pump. 



Fuel Injection Scaven^ln^. 


Fio. 110. Diagram Positions of the Piston 


The fuel pump mechanism opens a spill-valve at a variable 
position of the pump stroke, which is controlled by the governor, 
thus regulating the period of injection and the quantity gf fuel 
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injectod. When the spill valve is opened, the delivery of oil fuel 
from th(^ pumj) to tJie cylinder is cut off, and the oil flows back to 
the supply tank. 

The cam rollers are moved sideways by a ram under oil pressure, 
to engage with eith(T the ahead ” or “ astern ” cams for revt^rsal. 

The diagram, Fig. 110, shows the positions of the piston for fuel 
injection after compression of the air, and for scavenging near the 
end of the explosion stroke, when the piston crown uncovers the 
scavengt^r air ])orts. 

The i)iston head is shaped. Fig. 107, so as to d('flect the air upwards. 
This scav(mg(‘ air is delivered at a pressure of about 10 lb. pep 




To Atmosphere, 



sq. in, (gauge) by a tui bo-blower driven by a low pressure steam 
turbine, which is supplied with i*xliaust st(‘ain from the low })ressure 
steam cylinders. 

The exhaust gases from th(‘ cylinder pass direct through the 
small st(‘am generator, or '‘primary regenerator,” Fig. Ill, fixed 
on the (^xhaust pipe of each c^ylindiT, wherein part of the heat 
carried away in the gases is givcui to the watcT as it flows up a 
group of v(‘Ttical tubes on its way to the cylinder jacket. After 
leaving tlu' primary r(‘generator, the gases from the cylinders (mter 
a common exhaust manifold, and j)ass along to the water drum of 
the main regenerator. Th(' t^vater drum contains straight tubes, 
through which the gases flow and give up more heat. The last 
quantity of heat is taken from them in passing through a rectangular 
counter-current feed water heater, which "Consists of a nest of water 
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tubes. The exhaust gases thus reduced in temperature to about 
300° F., finally escape up the funnel to the atmosphere. 

The water in the cylinder jacket. Fig. 109, is at practically 
constant temperature, corresponding to the steam saturation pres- 
sure, about 120 lb. })er sq. in. (gauge) in the boiler and regenerators. 
The heat from the explosion, tiansmittt^d through the liner and 
head of tlie cylinder to th(^ water jae-l^^t, is absorbed as latent heat 
of evaporation of th(" steam gemmated in the jacked. 

Th(‘ natural circulation of water, from the water drum of tlu^ 
boiler through the ])rimary regenerators and cylinder jackets, and 
the mixture of water and steam led uj) a rising main to the stt'.am 
drum, where th(‘ stc'am is se‘parat(‘d, is by thermo-siphon, by the 
difTereuic(‘ of diuisity of th(' mixture of steam and watiu*. 

Th(^ steam, scq)arated in the steam drum, passes to the cylinder 
jack(d and through valvi'S, Fig. 107, to the uridersidi' of the piston 
in th(‘ high 'inessun^ cylindcT In a four-cylinder erigiru', the aft 
cylinder of th(“ std is high pressure and (‘xhausts into a recjciver 
wdiich supplies tin* otluu- thr(H‘ cylind(‘rs 

The main regenerator, Fig. Ill, is a moditi(‘d Yarrow^ typo boiler, 
fittc'd wdth oil burners, in the combustion chamber under the water 
tubes connecting th(‘ steam and water drums, to augment the steam 
Hupfily wh(‘n more' iiowcu- is r(‘quir(‘(l, as well as in starting and 
mameuvring. To start the engine, the sti‘am raised in this oil- 
fired boil(‘r pass(‘s din^ct to all the single acting sti^am cylinders, 
which exhaust through the turbiiu^ to condenser. 

An outstanding f(‘atur(‘ is the gr(‘at fli^xibility and (‘xtnmiely 
good manonivrmg qualiti(‘S of the engine, by the moveunent of the 
steam valvf's, through ojierators and distributors, by oil pressure 
from a Hele-Slunv multiple cylinder pump at 400 lb per sq. in., 
and controlled from the hand wlu‘el. The great flexibility is due 
to the ingenious combination of the steam engine and tlu' internal 
combustion engine. 

High pr(‘ssur(‘ air for injection of oil fuel and in starting, with 
compressor troubh's, are here dispensed with, only the scavenge 
air blower remains. 

The Marine Oil Engine Trials OoinmitU'(\ apjiointed jointly by 
th(‘ Institutions of Mechanical Engineers and Naval Architec ts, with 
represcmtativc's from the Admiralty and the Institute of Marine 
EnginocTs, to carry out tests of oil enginc^s and oil-engin(‘d ships, 
presented their Sc'cond Rcqiort in Marcdi, 1925, giving the results of 
tc'sts carric'd out on the first motor ship DoJius, having Scott-Still 
regenerative engines . 

The port cmgine was tested ashem^, followed by trial runs at sea 
at differemt sj)C‘c‘ds and loads on the measured mile, and manceuvring 
trials. 

The rating of c*ach inain^engine is 1,250 B.H.P. at 120 r.p.m., the 
jiower being di^veloped in four cylinders, w'^orking on the two-stroke 
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single acting cycle. The dimensions of the port engine are : Stroke, 
36 in. ; bore of each combustion, and steam cylinder, 22 in. ; piston- 
rods, 6-25 in. ; and ratio of compression, 8-56. The fuel was A.nglo- 
American Diesel oil, of specific gravity 0 864 at 59° F. ; flash point, 
176° F. ; burning point, 198° F. ; and higher calorific value, 19,500 
B.Th.U. per lb. Ultimate analysis : Carbon, 86-09 Hg, 12-95 ; 
S, 0-4 ; Og, 0-52 ; and Ng, 0-04 per cent. 

In the tests at full rated power, of 4 hours’ duration, at average 
speed 121-9 r.p.m., the indicator diagrams, Fig. 112, were taken. 



The combustion is j)artly at constant volume and })artly at 
constant j)ressure, on th(^ dual cycle. 

Results obtained from th(‘. combusUoti cyliridcrfi—- 

Pressure at end of eoiniJre.sMioii .... 1555 lb. ])er sq. in. 

Pressure at maximum explosion . 582 ., ,, 

Pressure at end of expansion .... 3 ,, ,, 

Mean indicated pressure, averapo of all eyhndi'rs . 7(i (i ,, ,, 

Indicated horse-power (eornbustion only) 12!M) 

Thermal equivalent of indicated horse-power for 1 niin. 54,700 H.Th.U. 


On the stmw side — 


Temperature at exit from water-drum . 

T*res8ure in steam drum 

Pressure at admission, hiph ]iressiire eylindc'T . 
Pressure at admission, low pressure eylindius . 
Pressure at e.xliaust (below £f^inns])here.) . 

Average, mean indicated ])ressure of all cylinders 
Indicated horse-power (steam only) 

Thermal equivalent of indicated horse-] lowj^^r for 1 ruin. 
Total indicated horse-power, combustion and steam . 


:U4 F. 


1 15 81b. per sq, 


47-5 
4 K 
lot) 
(id) 
110 


4920 B.Th.U. 
1406 
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Work done by exhaust steam from one engine on turbo-blower 
(intended for both sets of (‘ngines) — 


Heat drop in turbine per pound of steam . . 88 B.Th.U. 

Effective brake liorao -power by Heenan <k Eroude 

absorption dynamometer .... 1271 

Brake mean offec live pressure .... 75-4 lb. per sq. in. 


Mechanical efficiency 


Brake hcirse -power 1271 

Total indicated horse power 1406 

90-4 jier cent 


Oil fuel conaumpLion per brake horse-power hour ^ 0-352 lb. 
Oil fuel conaimiption per indicated horse-power -- 0-322 lb. 


a remarkably good result. 



Fm. 113. Fuel Consumption and Thermal Efiti’ienoy Curves 
(Si'ott-Stilt. Reoeneiiative OiE Enoine) 


In order to (uiabU' comparisons to be made with the performance 
of othtT engint\s, and to subdivide the thermal equivalents of the 
work done in the Thermal Balance Sheets, the combustion side of 
the imgirie is debited by thi*. Committee with all the frictional 
resistan(;(‘s, and so may be said to give at the brake a quantity 
called the “ combustion brake horse-powe^.” Then the effect of 
the assistance of the sti^am is to add all its power (indicati'd horse- 
power steam) to the combustion brakes horse-power to make up the 
observi^d effective brake horse-})ower. 

Thus, Friction H.P. - 1406 -J271 - 135 H.P. 
and Combustion B.H.P. - 1290- 135 - 1155 H.P. 

Effective B.H.P. - 1155 + Steam I.H.P. 116 = 1271 
Thermal equivalent of effective B.H.P. for 1 min. is 53j910 B.Th U. 
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Thermal efficiency on total I.H.P. (not including the L.P. turbine) 

= 4()-5 per cent 

Thermal efficiency on effective B.H.P. = 37-1 per cent. 

Thermal efficiency on total I.H.P. 


Efficiency ratio = 


Efficicuicy of ideal engine (50 per cent) 


0-81 


Thermal Balance Sheet, from Test No. 10 of the Marine Oil 
Engine Trials Committee (Second Report) — 


Fuel Bui)y)lied — () I152 lb. per brake liorae-power hour 
Distribution of Heat — - Per eoiit 

Effoctivri brake horse -power, 1 ,271 at. 1 21 - 9 r.p.in. 
(CombuHtion JhH.P. 1155 -| steam I.H.P. 110) ;i712 

Power for seavoii^er blower from L.P. turbine 2-37 
Friction ...... 3 93 


100 ])or cent, 


Total indicated horae-})OW'cr . 
Heat Losses - 

Finally earned away in cxliaunl ^as(‘s 
Rejected in condenser cooling water 
Radiation ..... 

Heat in fuel. 


43-42 per cent 


23-07 

25-82 

7-09 5 1) 5 8 pe r cent 

100-00 


The }}nheaied power is made up as follows — 
(/Oinbustion indu-ated horse-power 
Regeneratf'd steam indicated horse-]iower 
Regenerated steam m L.P. turbine (hcuit droj)) 


37-()j^ ])er cent 


Total indicated horse-pow'er . . . .43-42 per cent 


The power dcvclo|)ed by the low pn^ssiin^ steam turbine is 
obtained from the fuel burned in tlu* coiribiistiori eylindiT, and is 
here added to the indicat(*d power of the engine*, as ])art of that 
from the steam geuierated l)y the* waste h(‘at. This makes the total 
indicated horse-power 1 ,457, and the^ rati* of fuel consum])tion 0-31 lb. 
per indicated horse power hour, increasing the thermal (dficiemcy to 
42-1 per cent, instead of 40-5 ])er cent, and the* curve's (Pig- 1 13). 

The mechanical efficiency becomes 87-2 per cent. 

The results mark a elistinct advance in heat engine practice. 
Details in design will be modified and im[)rovements made by 
experience. 

Alre^ady, in actual service, the motor ship Doliiis, fitted with 
these Scott-Still engines, on the third outward voyage to the Ear 
East, during a run of over 10,000 miles at average speed 11-3 knots, 
and engines at 121 r.p.m., gStvc an extu'llent pt^rformancc. The 
average fuel consumption per brake horse-j)ower hour, for all pur- 
poses, was 0-393 lb. of Borneo (Taracan) fuel oil of specific gravity 
0-94 at 60° F.j based on the overall daily consumption of 8*46 tons. 
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The First Report of the Marine Oil Engine Trials Committee 
gave the results of tests on the Diesel ty])e of oil engine of the 
M.V. Sycamore, with air-blast injection. The Anglo-Persian Diesel 
oil fuel used had specific gravity 0-875, and higher calorific value 
19,320 B.Th.U. per lb. The lowest rate of fuel consum])tion was 
0*425 lb. })er brake horse-power hour, or a brakes thermal efhciency 
of 31 per cent, and mechanical efficiency 79-8 per cent. 

Petrol Engines. The development of the automobile, propelled 
by the petrol engine, is largely due to the invi'ntion of Gottlieb 
DaimlcT. 

The small, high-sp('(‘d, inverted vertical engine (Patent No. 4315 
of 1885) had splash lubrication in the (mclosed crank-ease. The 
automatic inlet valve* was above the exhaust valve, the latt(T being 
oj)eratcd on the four-stroke c.yck* by a rod from a double cam groove 
in the enclosed flywheel. 

Daimler .was the first to use a handle skirter, and first applied his 
motor to a bicycle in 1885, and to a motor-car in 1887, giving a 
fresh start to road locomotion, which was delayed in England until 
the free us(* of the roads was obtained by the Act of November, 1896. 

In 1889, M(‘ssrs. Panhard and Levassor accpiired the Daimler 
patent rights in tVance, and adaptc‘d this motor to thtdr carriag(*s. 
Daimler assisted tluMn in the construction of th(^ first automobile. 
Th(' tv])ical l)aiml(*r engim* had two vert i(*.al cylindt*rs cast togetluT, 
with hot tub(* ignition, and governed f)y kee})mg th(* exhaust valve 
closed when the engine ran abov(* the normal speed of 70()r.p.m. 
Th(* (uigine used the* lighti'r fractions of ])(‘troleum, known as ])etrol, 
such as ])ctrolenm spirit, gasoline, and benzoline, which evaporate 
freely in the* air at the ordinary t(*mpt‘rature, and a current of air 
through this highly volatile spirit be(*omes saturated with hydro- 
carbon vapour ancl called carburetted air. 

The carburettor supphes the mixture of petrol vai)our and air in 
suitable ])ro portions, usually about 2 per cent of j)etrol vapour, 
and in varying amount of c*harg(*, according to the speed or output 
of the engint*. 

The early form of surface carburettor, d(‘signed by Daimler in 
1885, consists of a petrol tank, c*nntaining a float, forming an 
inverted conical basin at the c(’ntre. Air drawn down a central 
tube, by the suction of the engine, bubble's up through the petrol in 
the conical basin, pass(‘s baffle plates and through a wire gauze 
screen, to stop any liquid spray, which falls back into the basin. 
The supply of carburetti’d air is thus pr(*parcd and ready to be 
mixed with air, just lik('- gas. Such a process of fractional evapora- 
tion is not without its drawbacks. The quantity of petrol in each 
charge is not accurately rneasurtid, find varies with the sucition or 
speed of the piston. When the charge of carburetted air is drawn 
into the cylinder, the suc^den inrush of air through the pt'trol causes 
rapid evaporation and cools the carburettor. The more volatile 
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portions of the petroleum spirit pass off first, and the remaining 
liquid becomes heavier, cooler, and more difficult to volatilize. The 
richness of the charge is gradually reduced by thi‘. fall in tem- 
perature and moisture in the air, especially when the petrol dregs 
become stale ’’ in cold weather ; and the heavier hydrocarbon 
vapours are apt to cond(‘nse when conveyed through cold pipes or 
subjected to xm\ssure. Hence* the carburettor must be close to the 
engine cylinder, and the air warmed to supply the latent heat of 
vaporization of the petrol and ensure th(» complete evaporation of 
the heavier fra(‘-tions. 

In the more rcicent Lanchester surface carburettor these difficulties! 
were successfully overconu*. The petrol in the float was kept apart! 



from the fre(' surface* of the siipj)ly in the tank, and wicks were 
arranged in the float feed, with the u])per loose ends against a gauze 
screen. Hot air drawn by the ])iston suction through the upper 
loose part of vdeks was charged with petrol by capillary action, and 
pass(id through tlie gauze to a mixing chamber. An auxiliary supply 
of fresh air was mix(*d with the carburetted air on its way to the 
engine cylinder. 

The jet spray carburettors, fitted with automatic float fed regulator 
and now in common use on the petrol motor, are modifications of 
that patented by William Maybach in 1893, although anticipated 
by the invention of Butler in 1 889. Tht* petrol supply from a tank 
above the float-feed chamber^, Fig. 114, or by slight air pressure 
in the tank, passes through a filter of very fine gauze, and enters by 
the needle valve ]*, which maintains the desired constant level 
in the small float chamber, arid of the petrol a little below the top 
of the orifice of the syjray nozzlt^ K at slow speed, or lovt rate of 
piston suction. The hollow and perh^ctly oil -tight brass float B 
is free to move up and down on the needle valve spindle N, as the 
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oil level rises and falls in the feed chamber. Two small IcverS; 
turning about FF, have their weighted ends WW resting on the 
top of the float, and their other ends are fitted in the grooved collar 
C on the valve spindle. When the level of the petrol in the float 
chamber A falls slightly, the float sinks with the ends W, causing 
the levers to lift the collar C and the needle N, allowing petrol to 
flow into the chamber until the float is raised to the constant level, 
when the levers press the needle valve downwards on its seat to 
shut off the petrol supply. The choke tube around the jet is reduced 
in area so as to increase the velocity of the air and thereby reduce 
the pressure over th('- jet during the suction stroke of the motor 
piston. The inrush of the charge of air carries the petrol spray and 
vapour along the induction pipe E into the cylinder. The air inlet 
is adjust'd to form an explosive mixture. The area of the jet 
orifice is designed or set so that the velocity of air, when the engine 
is running* at normal speed, is just sufficient to give the correct 
proportion of petrol to air, about 1 to 15 by weight in the charge. 
At highcT speeds, the momentum or inertia of the flow of petrol, 
combined with the increased resistance of the air, tend to make the 
charge too rich in petrol, and various devices havc^ been adopted to 
introduce' auxiliary air and obtain a mixture of constant proportion. 

The latent heat of (‘vaporation of the petrol controls the suction 
ternx)(‘rature and therefore the weight of charges in the cylinder. 
H(‘at is added to the fuel and air mixture by contact with the hot 
valves and cylinder walls : also by admixture with the hot residual 
products l(*fi in the clearance space of the cylinder. 

In 181)8, at C/Oventry, the Author carried out a brake test on a 
Daimler motor having two vertical cylinders, each 90 m.m. diameter 
by 120 m.m. stroke, which developed 6 to 6-5 B.H.P. as the speed 
was raist'd from 700 to 750r.p.m. The consumption of petrol, of 
specific gravity 0-G80, was 0-8 lb. per brake horse-power hour. 
When the motor was running at full load, the cooling water entered 
the cylinder jack(*t at the temperature of the room and k'ft the 
outlet as steam, yet a thin layer of frost was formed on the induction 
pipe bc'tween the Maybach carburettor and the cylinder, owing to 
the latent heat absorbed in the rapid vaporization of the liquid 
petrol. Ht'nce the necessity for prc-h('ating by the induction pipe 
to reduce or pri'vent condensation of the heavier fractions of the 
oil vapour in the pipe bedore entering the cylinder. 

Fig. 115 is a transverse section through a four-cylinder petrol 
engine of the motor-car type, anddiagrammatically shows the simple 
construction. 

The head is detachable, the cylinder and top half of the crank- 
case arc cast together. The cylinders are cast separately and often 
in pairs en bloc. The exhaust valve seating is formed in the cylinder 
casting. The valve rodguide is well water-cooled. For high speeds, 
the valve stem is bored out hollow, the metal on the large head 
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being reduced to make it as light as possible, with large bearing 
surface on the conical seating. There is also ample water-jacket 
space in the cylinder head and around th(‘ liner. 

The circulation of the cooling water is usually by tJier7no-si2)hon, 
The wat(*r, whiui heated in the engine, flows upwards through the 
outlet from the cylinders into a larg('- pij)e, with v(‘ry gradual slope 
into the top of the radiator plae(‘d in front of the (‘ngine. This 



cool(‘r consists of a small resc'rvoir at the toj) and bottom, connected 
by a nest of small tubes or })ipes (‘X])osing a large surface, ov(‘r which 
fresh air is drawn by a fan or the motion of the car, and cools the 
circulating water as it flows flow'iiwards to tlu‘ cylinders. Tn small 
aeroj)lane and other engin(‘s th(^ cylinders hav(‘ cooling iins on tlu^ 
out(^r surface, and arc simply air-cooled. 

Continuous and (H)rrect lubrication of all b earing surface's is of 
primary importance. Suitable oil is regularly [ujured into the filler 
through a firu* gauzes filter and strainer. IMstribution is by a cam- 
driven pump. O, of the plungcT ty]K', with suction and di'live'ry ball 
valves. A s(;oop on the big end of the connecting rod G dips into 
the oil trough 1\ and splaslu's *the lubricating oil in the enclosed 
crank-chamber on the cylinder w’alls, piston, cams, and rollers ; 
while the oil to the' bearings is uneler pre*,ssip'e from the oil x^imp. 

The trunk jnston, P, is light in weight, and made of cast iron, 
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pressed mild steel, or aluminium alloys for high sj)t‘eds, with flat, 
slightly concave, or arched top, and has two or thret^ narrow piston- 
rings, split diagonally, and with am])le cleai’ance at the joints to 
allow for expansion without hutting together. Thesis rings s\iflice 
to keej) th(^ cylinder gas-tight, and conduct ]iart of the hc‘at from 
the piston to th(' c*ylindcr liner. One good (l(‘sign of aluminium 
alloy, ribless ])ist()n, for normal (‘iigine s])(‘ed of 2,500 r.p.m., has a 
flat crown, four dec]) narrow ])iston-rfligs, and a long skirt split into 
sectors with springs inside, ensuring uniform contact over a large 
bearing surface on tht‘- lim^r. The piston acts lik(‘ a (Toss-head and 
recciv('s the sith^ thrust from the comu‘cting rod. 

Grinding and polishing of thc^. piston and c*ombustion chamber 
retards d(^])()sit of carbon, and absorbs less h('at than a rough surface 
from the burning gases, while a slightly concave ])iston crown aids 
th(‘ circulation and turbulcnc.(‘ of th(‘ charge^ giving mon* ra])id 
combuslion. 'Vhv stroke /bore ratio varicss froui 1 to about 1-5. 

Ignition Ts by ek'ctric* s])ark from a Tuagneto, or an induction coil 
and battery for starting. The s])arking plug is abov(‘ tlu‘ exhaust 
valv(‘, its best ])()sition is at the to]) of the cylinder In^ad, equidistant 
from lh(‘ sid(‘ Avails. Tin* ord(T of firing in th(‘ four cylinders is 
usually 1, 3, 4 2 in |)ctrol car engines working on the' four-stroke 
eyclc', and so givijig two impulse's during eacdi revolution of the 
crankshaft, with fairly uniform torque' and balance', but not so 
good as six-cylinele'r e'liginc's for largi'i* power e)ut])ut. 

Carburation. In the stc'ady flow of liejuid ])etrol from a jc't s])ray 
(carburettor at the' nozzle' the' ve'loe'ity varic'S as the scjuare root of 
tluc ])ressure dilTe're'iice' or hc'ad, be'twcH'ii the' float chamber and the 
nozzle, aec()rding to the' parabolic law T" — f ’ V2>qh ; and the' dis- 
charge becomes IT 0()-26'.4 V ph, whecre' IT is we'ight in pounds of 
the' liejuid fuel elischargc'd ])er minute', p the density of the liquid, 
h thee lu'ad or jiressure drop in ijicJie's of AAatc'r c olumn, A the area 
of ])assag(' in square inches, and G the* eoeflicient of discharge, 
ine eluding losse's due' to skin frictkui of the [)ip('S and fluid friction 
or viscosity, and loss due' to contraction of the' strc'ani. (See' p. 149, 
et stq.) 

Visc'osity is the intc'rnal fric'tion or rc'sistance' ofTen-c'd by the 
])artie les or intcTfaces of a fluid to steady flow ovc'T each other, or 
to c'hange of shaj)c of the mass, and which re'udc'rs its flow sluggish. 
The' re'lativc' viscosity of liquids at difle're'iit te'mpcraturcs is readily 
measurc'd by the Redwood standard viseomete'r. The kinernatical 
viscosity of a fluid is the viscosity divided by density (p 156). 
When tiu' vc'locity of a viscous fluiel, as air, exceeds a cTilical value 
found by Osborne' Rtcynolds and 

„ , 1000 X vdscosity 

?jft./sec. — - ,. i 

J)(‘iisity X radius ot ])ipe 

the motion becomes tuiibulent, and the resistance varies* as the 
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square of the velocity. Besides, the viscosity of air increases with 
its temperature, whilst that of liquid petrol diminishes. The rate 
of flow or fluidity of a liquid is the reciprocal of its viscosity. The 
relation between fluidity and temperature is shown in Fig. 116 from 



Fuj. lUJ. Relation Bktvvken Kloiditv and Tkmpkuatijue or 
Rktrol I 


experiments* by W. H. Hersch(‘l, on gasoline and various aviation 
petrols 


iSain])le 

a 

h 

r 

d 


/ 

KcTOseno 

Specific Gravity . 

■liHO 

■im 

-702 

■722 

■757 

■74S 

■m 


Th(' curves,! Fig. 117, are for the discharge of petrol flowing at 
differc'iit tern pc'ratures through the same submerged orifice*, with 
chamft‘r(‘d ends, length of passage 0-407 in. and diameter 0-0344 in., 
in whicli tlu^ (‘fleet is greater than with the smaller value's of the 
ratio length /diameter found in carbun^ttor })ractic(‘-. Whereas for 
very short square-edged passages, length 0-006 in. by diameters 
0-042 in. and 0-02 in , discharging into air,, the vaiiation is inappre- 
ciable, both with respect to change of head, and temperature from 
24-5° to 4° C. » 

* Bureau of Standards T(*,clmologic, U.S.A., Paper No. 125. 
t Report is.sued by the National Advisory Committee of Aeronautics, 
Washington, U S.A. 
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Professor Watson measured the petrol that issued from the spray 
nozzle or jet, and the quantity of air that passed through a 



Fig. 117. Fvfect of Temi'kratuuk on Flow oi Petrol 


carburettor, constant suction. In Fig. 118. the curve OB A shows 
the relation found between the quantity of air that passed through 
the carburettor and tlie suction ; whih^ CBD gives the air which, 
when niix(‘d with th(^ pttrol found to be dischargt^d from the nozzle, 



O C I ^ 2 3 ^ 5 

Suction, Inches of Water ^ 


Kns. 11 S. Fi.ow Througu Carrukettoh. (irti^son) 


would form a mixture of constant proportion air to petrol. Until 
the suction was more than J in. head of water, no })('trol issued from 
the nozzle, and above 1-5 in. head of suction the mixture became 
too rich in petrol. 

Mr. H. E. Wimperis takes the energy equations* in Perry’s 
Applied Mechunics (pp. 533 and 537), but with the assumptions 
that (1 ) the flow of air through the carburettor is steady and without 

* The Internal Comhiistion Engine, pp. 260-7. « 
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friction, and (2) viscosity may be neglected. For steady motion 
of a fluid, the stream line law of constant energy is 

V- rdj) 

TP h ^ + / — = constant. 

2g ^ J w 

The total energy per pound of fluid is the sum of th(' kinetic, poten- 
tial, and pr(*ssure energy, and “ nunains constant, (‘xce]it in so far 
as friction may diminish it, ’ and this must b(‘ determined by 
experiment in each case. 

Apply this em'i’gy equation to the adiabatic flow of air from rest 
to a velocity through tlu* carburettor in a horizontal din^ctioq ; 
and take p tlu' j)ressure on tlu' surfac-t' of th(' ])etrol in the- flo^t 
chamber, and at the top of the petrol jid, tlu'n tlu^ small differeuK^e 

(\l> - f - p„ =- w„ I ^ 

when' is th(‘ velocity of air and its (h'nsity. \ 

Again, for lh(‘ litpiid p(‘trol, u\ tht‘ weight per cubic foot, is 
constant, ami the (‘iicigy cejuation becomes 

V.y P 

I ■ - constant, 

2(j w 

hen* hit. is th(‘ lu'ight of ])(‘trol in tlu' j(‘t above th(‘ fre(' surface 
of the p(‘trol at r(*st in th(‘ float chamber, wlaav th(‘ stnuim line 
begins. Fquating the total energy h(T(‘ and at tli(‘ jct,|V(‘ have 

()p 

0 -I 0 4 -I- _ - I h ] 0, 

' ' w l(j ' ‘ 

where v is the v(*l()city of flow of pidrol at the jet, or, substituting 
the above value' of bp, 

2rj w ^ V' ' 2(j ^ 


hence e- - "Igh . . . . ■ (1) 

a w 

when V — 0, then' is no flow of pi'trol at tlu' jr‘t , and the vt'locity of 
th(‘ air flow is 



the velocity of the air and suction must be gn'ater than this before 
the petrol begins to flow. 

Take, for example, ])etrol (p, 234) of specific gravity 0-72 at 60° F., 
of which 1 cub. ft. wcaghs 0*72 x 62*4 — 45 lb. (nearly) ~ w ; and 
1 lb. of air at atrnosphc'iic; ])ressur(^ and 60° F. occupies 13 07 cub. 
ft., or } cub. ft. of air weighs 0-0765 lb. — w^. 
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Substituting these values in equation (2), gives the critieal velocity 
of air for no flow of petrol ^ — 




45 

«4-4 X X It l!»4 (i4\//,. 


If ^ is i in. = 0 042 ft., V//. -- 0-205, 

then ?)„ 194-()4 X 0-205 ^ 3ft-!) ft. per see., 

nearly 40 ft. per see., or 2,400 ft. p.-r min. Wlieii k is ^ in., the 
critical velocity is 114 -4 ft. per see. 

Equation (1) becomes v- () 00I7?’„“ - 2^//., or 


i - 


0017- 


2ijh 


( 3 ) 


from which it is obvious that with iucreast^ of the air flow, the 
ratio of petrcil to air incrc^ases, and the mixture*, V>eet)rties too rich, 
as in Fig. 1 18. 

The raj)i(l pulsation of How due to tin* varying suc’tion of the 
piston at vc^ry high spet^ds will give much gi’(*at(‘r moirKuituni to 
the petrol than to the air, which, being ligliter, responds more 
readily to the* pulsations, and a surging ac tion may take place, 
owing to the*, rapid changes of suction and tlu* inertia of the jet 
tending to j)recipitat(‘. the finely divided pidrol held in suspension 
only by tlu^ velocity of the* aii-. Short induction pipes of large 
diamet(‘r arc^ used to leduce ^\nre-drawing or throttling effect. 

Tht^ effect of friction is to r(‘due(*, the V(‘locity of flow and the 
weight of charge*. B(*nds in the inlet pipi^ system alscj increase the 
frictional resistance and cause t‘ddi(*s, the effeet is ('(pii valent to loss 
of h(‘a(l ; and for a givc*n diainet(*r of pipe tlu* frictional loss of heat 
vari(*s invt'rsely as the radius of the bend. 

In some*, carbur(*ttors the friction of tlu^ orilic‘(\s is made so large 
that in(*rtia (*ff(*cts arc* almost danqied out. High friction is one of 
the means adc)ptc*d to counteract the inertia of the petrol, and this 
may hr. obtained by making the oi ificics small and increasing their 
number. Anchher advantage of this multi-jet devie.ci is to expose a 
greater suifacc^ of petrol spray to the air, and produce a more 
intimate homogeneous mixture with air to assist the evaporation of 
petrol. It IS usual to Avarm or pre-heat the main air supply by 
taking it from around the exhaust pipe or other hot surface. 

In order to supply the* latent heat of civajioration of the petrol, 
and to prc*vc^nt eoiidcmsation of tlu* A^axxmr on the*, inside of the 
induction pijie between the carburc*ttor and engine cylinder, it is 
absolutely m‘c;essary to usc^ some hc*ating device*. The best is hot 
watc'r from the* eyliiidc'r jackets Avhen there is tnimp circulation, 
but when this is by thcrmo-syjihon, the* induction pipc^ may be 
heated by the c^xhaust gas(*s or clc*an hot aii* ; and the carburettor 
is kept iu‘ar the cylinder, shieldc^d from cold winds in the winter. 

21— (5434) 
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The quantity of the mixture of air and petrol vapour entering 
the engine cylinder is controlled by the throttle valve, which also 
varies the suction. When <he throttle is nearly closed, as at 
starting, only a sniall charge is drawn into tJie cylinder, and the 
compression is rc'duct^d, so that a rich(‘r mixture^ is needed to ensure 
ignition, while the rate of flame 2)roi)agation is reduced. A choke 
tube in carbur(*tt()rs reduet's the area of the induc tion pi])e around 
the jet, and grc^atly increases the velocity of thc^ inrushing air, and 
the suction or deprc*ssion at that si'ction. 



The Zenith Carburettor has three choker tubes or difluscus, G, D, 
and Ein the diagram, Fig. 119, and a com])ound jet consisting of the 
ordinary main jet A, giving too weak a mixture^ at low piston speed 
and which grows richc'r as the emgim* s})c^(‘d increases. In order to 
correct this, a compemsating jet is fed from th(‘ well by the orifice B, 
which is at atmosphericj pressure^, and is not appreciably affected 
by the suction of the engine. The flow of. ])(‘trol from the com- 
pensating jet cannot iner(‘ase with the engine speed, but the air 
passing through the carburettor dot*s, Lherefore the mixture; given 
by this jet becomes gradually wc'akcu- in ])etrol as the engine speed 
increases. By coinbining tlU‘se two sc^paratc; p(‘trol feeds a correct 
proportion of petrol to air in the tnixture is maintained at all speeds. 

The petrol, correctly measured by the main and compensating 
jets, is sucked through the; ring of diffust‘r hoh;s F by only a little 
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air passing through tho small choki' tubi', C at a very high velocity. 
When the mixture of s[)raye(l ])etrol and au* passes out of the small 
choke tube C, it is sucked up i)y anotlier stream of air through the 
concentric choke tiibc^ 1), at a lower vt'l(M*ity, forming a mist of 
petrol and air. This mist is taloui u]) by a fiirth(‘r HU])ply of air, 
through the larger main choke tubt^ E. 'The cpiaiitity of air added 
is necessary to maintain the eorT(‘et*cpiaIity of tlu^ mixture. The 
three stri^ams of air flowing, at difTen'ut velocities, set up turbuleiuu^ 
and tend to iiroduee a homogeneous inixtun' or charge, which, when 
heated in the induction pipe, and in the engiru^ (*y lindi^r by admixture 
with the i(‘sidual gases, is all conviu’ted into vajjour before th(^ inlet 
valve closes. 

Th(‘ starting and slow running tube G di])s into the well B that 
f(M"ds the comjiensating jet, at atmosj)ht‘ri(‘ pressurt‘, and provides 



a suitable lich mixture for starting. When the throttle is just 
slightly oj)en for starting, then', is little suction on the main and 
compiuisating jets, and tlu‘ velocity of the air past the t(jp end of 
the tube G draws the ])etrol u]) the tube, and through a small outlet 
at the edge of th(^ throttle* valves into the* induction pipe. The 
mixture strength can be adjusted to a nicety to suit the* particular 
engine by m(*ans of a s[)ring-cont rolled screw', whic“h opens or 
partially shuts a small air [passage and so increases or ri‘duccs the 
richness of tin* mixture for slow running. After the engine has been 
running for a liUle time at slow speed, petrol rises in the well, 
Avhich, add(*d to that from the main j(ds, enriches tlu* mixture so 
that rajhd acceleration is })ossible when the throttle, shown at the 
top of Tig. 119, is suddenly opimed. 

On this type of Zenith carburettor there may be fitted a mixture 
control, connected to a small indieatiTr on the dashboard of the ear, 
and the mixture strength changed by moving thii control button to 
one of thr('(^ positions for starting,’' normal,'’ and ^ wx^ak 
mixtures.” Then* are two valves, operated by a lever from the 
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button — one controls th(' air supply to the slow-running tube, and 
the other admits air to the passage between the jets and ditfuser. 

Claudel-Hobson Carburettors may be divided into two classes. 
First, the aii- inj(Ttor type^, fitted with a single jet tube, surrounded 
by a concentric tube or sI(H‘,ve, drilled with rings of small air holes 
near the top and bottom, into the annular air space betw(*en th(^ 
tubes. 

The top of the tubes a])oA^e the nozzle and upper ring of air holtvs 
is covered by a cap, and jn’ojeets into the mixing cliambcr of the 
horizontal levolviiig barrel tlirotth^, as shown in the diagrams, 
Figs. 120 and 121 . i 

In the lower edge of the throttle radial air slots are cut,*Fig. 122,1 
to rt'giilate the correct ])roportions of air to pclrol entc^ring thc\ 
jnixing cham])er at closed and intermediate throttle ])ositions. 1 


Fnc 122. C’LAUDjii.-J-IoJisoN Thiiottle 

> 

When th(‘ throttle is closed as far as possible. Fig. 120, the engine 
dotis not stoj), but most of the air enters tlie loAver ring of hoh^s and, 
passing the j(*-t, carries the iJetrol spray through the uj^per ring into 
the throttle chamber to mingk' with the I'xtra air admitted by the 
slots, and give a rich mixturt' for starting and running light. The 
area of the holes in the air tube is adjust(*d by tlie makers. 

The diffuser type, Fig 123, is designed for multicylinder tmgines 
running at a very wide*- range of speed on less volatile fu(‘ls, such as 
various mixtures of petrol, benzole, and alcohol, Avliich recpiire more 
thorough iJulverizatiori than gasolin(‘. 

In both types any grit or deposit in the pc^trol scittlcs in the 
sjiacc below the diffuser jet and may rc'adily be removed by 
unsert^wing the cap. hVoni the float cliainbc*]- the jictrol enters 
the main submerged orifice, K, Figs. 123 and 124, and hows into the 
three concentric tub(‘s, i^, iV, and ii, whcai the enginti is developing 
average power. The outer tube, F, contains only air, and has a 
ring of holes at 11, Fig. 123, to the annular sjiacc^ Y and the air 
intake passage /, Fig. 124. 

For starting and slow^ running, the central tube B, Figs. 123 and 
124, has the petrol oriliet', X, th(‘ air sup])ly for spraying drawn 
througl^ the holes Dl) above X, and the', ririg of delivery holes CC. 

The main orifi(!e K admits more petrol than is required for slow 
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running, and the level of petrol rises in the diffuser tube N up to 
about J in. to Jin. below the top of the guard tube M, so that the 
air holes FF are suceessively submerged. 

As the (mgine is accelerated and the ignition slightly advanced, 
the petrol level in the diffuser tubes falls, and automatically diverts 



part of the engine suction to the atmo- 
sphere- for 4he main air supply. Part of 
the air is drawn through any hol(‘S FF 
which an' nncovc'-red and in communica- 
tion with the at mos])h(a’('- through the 
tub(i A/, open at the tf)p to tlK'- outer air 
tub('. P. Then tlic ])ctrol is also sprayt'd 
through the ring of holes (r. The main 
air ('nters bt'low and around the to[) of 
the diffuser tubes, Pig. 124. 

When tlu' throttle is in th(^ clostal ])osi- 
tion for slow running, the delivery may 
b('. increased and the mixture enriched 



Flo. Suc tion ok 
Claudel - H obs on Di i eu sek 


Fuj. 124. ("latjdel-Hobson DtfeuSeh 
Carbubettor 
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by fijj-thrr sciTwiiig in the air screw S, Fig. 124. A by-pass screw 
W gives a tine adjustiiu‘nt on the quantity of inixture passing to 
thc%i1ct or induction i)ipe. If the mixture is too strong, the 
engine' he(‘ps going irre'guiarly, fast and slow, inste'ad of running 
smoothly and slowly; but Avith too w^eak a jiiixture, and the 
throttle elos(*d as far as ])ossible, tlie engine may sto]i. 

In iJtaking adjufiUncnis ilu‘ »ize of j(‘ts may be selected, but not 
reamered e)r tampered Avith. The main jc't en iiiee K shoiilel eliseharge 
just sufheic'nt pi'lrol for nuHlium aece‘l(‘rati()n. and is kept small for 
e'conomy e)f fiu'l threnigh the throttle range. The ])owA‘r jet, in the 
])etrol passage‘ ])etwe‘e‘n th(‘ fle)at chamber and diffuser, provieles 
e'xtra sup})ly of fuel at full throttle feu* maximum ])f)we'r anel aceu'lena- 
tion. Th(‘ ('orr(‘cl siz(‘ of th(‘se Iavo je^ts, for any ]Aartieiilar car, is 
fenind by testing the maximum powxT, uruhT load, at full throttle 
on top gear, l)oth on the levcd and u]) a hill steep enough to reduc(' 
the e*ngine s]je'ed. Tn ease* the* spee^d is rediua'd too r»uieh an climbing 
the hill, it is better to increase th(‘ size' of the' poAve'r j(*t rather than 
the main orifice' A", if fhe* aeee'le'ration at hall t hre)tlle' is satisfactory. 
Next, adjust the' Ihrotlle'-sto]) for slow running. If the* air screw 
is right in and the' mixture' is still te)e) weak, e)])eii tlie* l)y-pass 
slightly, anel re'se't the Ihrottle-ste)]) se) that the* throttle ean e-lose 
a little more. ']"his e'nriehe'S the mixture* by alle)Aving the* slot in the 
threjttle to ele)se‘ farthe'r arounel the sle)W^ running tube, inere'asing 
the* A^e'loeity e)f the air and the* suction at the* je*t. Ke)r engine's with 
a stroke* nmre tlian li time's the* bore^ e)f e-ylinde*!’, e)r runr|ing at 
highe*r sp(*eds than 2,000 r]im., a larger size* than the* stanelard 
earburette)!’ may be* re'ejuire'el. 

Succe'ssfiil AA'e)rking has bt*e'n e)bt.aineel by many ae're) anel e)the'r 
petrol engines fitte'el Avith (ilauele‘l-He)bson earbure'ttors, and the* 
})rineiples of A^'o^'king have giAdi be)th e‘e*e»noniy e)f fue*! and re*liability 
under Avide'ly a arying e e)nditions. 

Various arrangeme'nts of otiier multiple' jet e arburett ors have* bee*n 
e'lnployed. Adjustme*nt to kec]) the* Tuixture stn'iigth constant at 
differc'nt sj)e*eds of suetiem is usually obtaine*(l by varying the size 
or number of je*ts. The* numbe'r of je'ts, ea* an'a e)f e)p(*ning unce)vered 
and expe)seel te) the* suctiem is proportiemal to that of the thre)ttle, 
anel for full throttle* a main jet Avith extra air supply come*s into 
action. A pilot or jaime'r je*t is ge'ne*rally used for starting and 
sup])li(*s a very rich mixture*. 

Starting from Cold. Jn aelelitiem f o the* i)ile)t je*-t in tlu^ carburette)r, 
a very rich mixture* may be* e)btained by floe)ding ” the carburettor, 
or by “ doping ’ the*, e ylirule'i* Avith a liVtle eif the licpjiel ))etrol, 
AA^hich s])re*ads e>ve*r the* internal Avails of the* inductiem pipe or 
cylinder, and a suffieit'iit qua^itity of tlu* more Aa)latile fractions 
eva])orate from the* large* surface*, thus expos(*d, to form a com- 
bustible mixture* Avith the* *air. When turning the starting handler 
by hand, tfu^ A'(*le)eity through the* indiudion pipe is low. 



INTERNAL COMBUSTION ENGINES 


317 


The readiness of a fuel to start an engine from cold is indicated 
by the vapour pressure and the latent heat of evaporation, as well 
as the ratio oi air to fuel required to giv(‘, complete combustion. 
These values for the more volatile fractions of petrol in comparison 
with alcohol and ether, from experiments by Mr. Ricardo, are 
as follow — 



Syjocific 
( il raviiy 
at 15° C. 

Eoihnpi: 

J*oint, 

Vapour 
Preasuro at 
0* C.; Tn.ni. 
Mercury 

J..atcnt 
Heal, 
E.Th.n. 
per Ih. 

Ratio 
Air /Fuel 
Viy 

1 Weight. 

Hoxane . 

0(170 

r>9 

450 

15(1 

15-2 

Cyclohexane 

■780 

81 

27-5 

155 

147 

IlcTizone 

■884 

8(( 

2(v0 

172 

13-2 

Ethyl Alcohol 

■704 

78 

12-7 

307 

8^95 

Ether 

■710 

35 

185 0 

158 

1M4 


The adtlilion to alcohol of a small ])ro])ortio!i of ether, with its 
high vapour pressurt‘, r(‘ii(I(Ts starting (‘asy in a suitably designed 
engine and carburettor. 

Exhaust Gases from Petrol Engines. Piofessor B. Hoplduson 
and Mr. L. (b E, Mors(‘ made experiments on a four-cylinder, 16 to 
20 H.P. Daimler (*ngin(‘, compression ratio 3 85, to (hdermine the 
conditions under wlii(^li the poisonous gas (M) is fornu'd in an internal 
combustion motor, and the relation bcdwivn the composition of the 
exhaust gasc'S, th(‘ strength of the petrol and air mixture, the 
power dev(‘lop(‘d by the (‘iigine, and tin’! thermal efficiency. 

Separate controlling valves wen^ fitted on the air stream over 
th(‘ carbundtor jet, and on the (‘xtra air added to the mixture 
befor(‘ entering the inlet pij^e of the engine, and by slightly varying 
the throtth' th(* jxdiol consumption could be adjusted, at constant 
spc&l and with constant amonnt oj air taken into the engine per stroke. 
Th(^ main air inlet Avas kej)!- opim to the atmosplu^re with but little 
tJirottling, so that the suction in th(‘ inU‘t pipe of the engine near 
the air inlet valves, nieasun'd by imu’enry gauge, was always within 
I lb. pt'r sq in. of the atmosphere. When running at constant 
speed, and with constant suction, the mechanical and pumping 
losses in the. (uigine were also constant and amounted to 2 H.P. at 
725 r.p.rn. 

Ill making a ti'st, the aii* ])a.ssages wore first si't to givt^ the desired 
petrol consumption. Tin* timing of the' ignition spark was then 
adj’ush'd until th(‘ bralu^ horse -power was a maximum. When all 
the conditions had beconu^ steady, the petrol used during 1,000 
revolutions was observt^d. Samples yf the exhaust gases, taken 
over mercury, w(*re analysed by the ordinary volumetric m(‘thods, 
the being absorbed by j>()tash, th(^ oxygen by pyrogallol, the 
CO by an acid scilution of ^cuprous chloride, and the hyclrogcm by 
palladianized asbestos. The measured amounts were reckoned as 
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percentages of the volume of dry exhaust gases. The residual gas, 
after all these were absorlx^d, was nitrogen, mixed possibly with 
traces of som(‘ unburnt drocrarbon vapours, and with water 
vapour for saturation, wc^re tak('n as about 2 per cent. There was 
some soot always formi'd, and probably acc‘tylene, which tend to 
reduce the burnt carbon as compared with the burnt hydrogen. 



Fifi. J 25 . l^irriioc (^oNsriNirTioN and Fxhattst (Jasi-:s 

The nitrogc'ii found by difftTcmce, mulliplh'd by 0-2()(), gives the 
total amount of oxygen in th(‘ air used. Deduct from th(‘ total 
oxygen that which went to form the absorbed gas (its volume is 
equal to the sum of the (Xlg, the O^,, and half the (U)), the remainder 
is the oxygen whic-h conibim d with h 3 Tlrog(‘n to iorjn st(‘ain, and 
the volume of sti'am is thus calculated. 

The j)otrol us(‘d was J^-att’s moi-or spirit, of density 0'715 to 
0-720, and its lowtT calorific valuer 18,900 B.Th.TT. per lb. Its com- 
position, determined t)y combustion, and weighing the CO 2 and 
water producied, was Hg, 14-8G, and C, 84-0() per cent ; from which 
the volume of sb'am formt^l should be 1*05 tirncis the combined 
volume of COg and (^0, in cas(‘ th(j petrol is all burned. The ratio 
of tlj|^"se two volumes actually found is always considtirably greater 
than this, the smallest voluim* for 0197^b. of petrol being 1-18. 
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The analyses show that when the petrol consumption is about 
0-2 lb. per 1,000 revolutions, the available oxygen is completely 
burned to COg and steam. Howevc^r, tb(‘. pc'trol is not completely 
burned, sine(‘, th('re is always somt‘ soot and hydrocarbons in the 
t^xhaust. 

In later experiiiK'nts, after absorbing the (H)^, (> 2 , (50, and 
Hopkinson exploded the residual gas with some additional c)xygen 
and el(‘ctrolyti(‘- gas. H('- invariably obtaiiu'd a furth(T yield of 
(Xlg, which, with a mixtun*, giving no (X) in th(‘ exhaust, amounted 
to about 5 pt‘-r cauit of th(‘ total amount of (JOg produccnl by the 
c'-ombustion. He also obscTved that the residual gas was soluble in 
water, probably indicating acetylems which wouhl account for a 
good dc'al of the missing carbon. 

The available oxygen is about sufficient to burn 019 lb. pidrol. 
If the supply of pc^trol (‘xceeds 0-2 lb., oxygc'ii disappears from the 
exha,ust, but CO and hydrogen an; pn\s(‘nt in increasing (juantities ; 
if it be less than 0-197, tluTc is excess of oxygem and no (H). 

(5urvc yl, Tig. 125, giving the relation betwe^en brake' load and 
petrol consiim})tion, has a very flat maximum from 01 9() to 0-25 lb. 
per 1 ,000 n* volutions, and the rpiantity of the; poisonous gas CO rises 
to ()’25 p(;r ec'nt, whik' the power is nenrhj a, eonsiani maximum over 
this range. The; thermal eflici(*ncy, curve B, on the indicated 
power, bas(‘d on thc' lower calorific value of the fiu'l, reaches a very 
sharp maximum, 26-1 per c(;nt at 0*197 lb. per 1 ,000 revolutions, 
with an air to petrol ratio about 14, tlu; CO and Og at a minimum, 
and falls off for either less or more fuel, duc' to incomplete com- 
bustion. The W(;aker mixtures dihitc'd by the; r(;sidual products 
of the previous explosion burn slowly. 

If the ciirburcttor be set in the usual way for maximum power, 
and the consum])tion of petrol rc'ducc'd to the lowest amount 
consistent with nearly maximum power, the formation of (X) may 
be prevented. ’^Fliis result may be attainc'd at a sa(‘riflc;e of 1 or 2 
pew cent of powt'r. 

-Professor Watson* measured directly th(‘ weights of air and 
petrol supplied to four-cylinder petrol engines, and made analyses 
of the exhaust gases. He jdotted the results of a large number of 
tests and analyses for various mixtures by A\'i‘ight, shown in the 
diagram, Fig. 120. In these exx)eriments the maximum thermal 
effieiency was obtained with the ratio of air to petrol, about 17, 
which is too wc'ak a mixture for gen(*ral use, while about 14 lb. of 
air to 1 lb. of ptdrol gave complete combustion of petrol of density 
0-720. For richer mixture's no oxygen is present, while for 
weake;r mixture's no CO is found in the e'xhaust. The practical 
working range; of mixture strength's from 11 to 17 lb. of air to 1 lb. 
of this petrol. Dr. Watson also gave curves! exhaust gas 
analyses, showing the results for alcohol- be'iizol mixtures. 

♦ Proc. hist, jtuto. Kvgra,, 1909. t Ibid., 1914-16 
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Free oxygen and CO do not occur together in the exhaust in 
appreciable quantity. Dr. Watson suggested that the diagram, 
Fig. 126, enabl(‘s the proportion of air to petrol in the mixture to be 
determined for ordinary purposes from analyses of the exhaust gases, 
and should be the same as that obtained from direct measurement, 
when the combustion is com])lete. 

Both in these results from analysis, as well as in those obtained 
by Hopkinson, the air /petrol ratios do not agree with the ratios 
found by dircH't measurement. Also for mixtun's within the com- 
mon working range the usual medhod of analysis and calculation 
gives too littl(‘- carbon in the exhaust gas(\s. 



Lbs. of Ain pen lib. of Petrol. 
Fir.. 12(i. Analysis of Exiiai st (iAS ( 


Professor Bom^ found a eonsidcTabk* disappcsiranee of both 
hydrogim and carbon from th(‘ combustion of hi'avy hydrocarbons 
in a Tiiesel engine*. This discn'iiancy he explained by the presence 
of aldehydes found in solution in the water cond(*ns('d in the exhaust 
pipes of both petrol and heavy oil engine's. Hemeie it is e^vident 
that the fuel is not e;omj)letely burned. 

Tests made by the Royal Automobile Club on the exhaust, from 
various motor-car engines also proved that the peiisonous gas, CO, 
was present in all cases, anel it was deeieleei that the'; stanelarel 
mixture for tests of e^arburedteirs should be that giving exhaust gases 
containing abemt 1 pe‘r cent of free oxygen. From Watson’s experi- 
ments, Fig. 126, this corresponds to no CO. and to the air/petrol 
ratio 14-5 ; about thc’; av(‘rage between the ratio giving maximum 
power 11 to 14, and that of 17 fir maximum (‘fficitmey. 

Recent research indicates that for any volatile liquid fuel the 
highest Hhermal efficiency is always obtained with abput 15 per 
cent excess of air in the charge. * 
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Valve Setting. Effective carburation is greatly assisted by the 
correct design and timing of cams, valves, and piping. For ordinary 
high s])ccd touring car (‘iigines, early opening of the exhaust valve 
about 35° to 45° before the bottom centre, during the explosion 
stroke', prt' vents back pr('ssure during the exhaust stroke, and tends 
to kec^p th(^ engim*, cool, althougli tlu'. pr(‘ssure of gases in the 
cylinder should be reduced as much possible by doing work on 
the piston b(dor(‘ inh'ast', as \\^(dl as to reduce the noise of the 
exhaust. Then, m order to (‘lear out the burnt ])roducts, especially 
CXlg, which nhards combustion, advantage is taken of the kinetic 



energy of the column of escaping gases, aiid the exhaust valve is 
k‘fi- o]ien long tMiough aftc'r the ])iston has ri'ached the top centre, 
at the end of tlic' (‘xhausl stroke, until th(‘ ]:)r(\ssure of the gases in 
th(^ cylindc'r is bedow that in the inlet pii)e near the valve. It is 
found in ])ra(!tic(‘ that, at high speeds, free exhaust increases the 
power of the (‘iigine and effects a saving of petrol. 

For racing c ars, slight overlapping is sometimes used, the inlet 
valv(' eommi'nec's to open before the exhaust valve is completely 
cdosed, so that the induction of tlu^ fresh charge tends to sweep out 
the residual ])roduets. At this point in the cycle of a four-cylinder 
(mginc‘, the piston of the cylinder which tires next is at the bottom 
of its stroke ; its (‘xhausl gases are flowhig down the exhaust pipe 
wdth great velocity, if its exhaust valve was opened early. Thus 
the scavenging action in the first cylftider is assisted by the kinetic 
energy of th(‘ gasi's from the succeeding cylinder in tiring order. 
This overlap may be ]iroduccd automatically above certain speeds 
by the lag of the exhaust In closing owhig to the rollers “ jumping ” 
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the earns. But by this scavenging action a considerable*, portion of 
the incoming charge will pass unburnt down the* exhaust pipc% 
cs})ecially when the inlet: and exhaust valves are close to one another. 

During induction with pulsations the rclativ^e^ incu’tia of the light 
air and heavier vapour t(*nds to causes lag of the* pc‘trol spray behind 
the air, Imt when the jx^riewls synchronize fairly close ‘ly, and the 
flow of the air and petrol o^uncide, the petrol is well pulveriz(*d. 
The point, for closing the inl(*t valve is usually about. 20° after the 
bottom c(*iitre, under full throttle, when the ])ressur(‘ inside* the 
cylinder is atmosph(*ric. Any longer opening will cause pulsations 
by ink‘t back flow, and any less will stop the flow before thi^ cylinder 
is full of the fresh charge*. There cannot be^ one* standard setting 
for all engines, since the* correct s<*tting Avill depend upon the 
(iiameti‘r and lift of the* valve*, str(*ngth of springs, the* suitable angle\ 
of inlet and ('xhaust pa.ssag(‘s, and can only be arrived at by' 
(‘xperiment. • 

A typical exami)le of poppe't valve s(‘tting is that. ado])t(‘d in the 
four-c3’linder (‘ngiiu* of the* \Volsely (Vuiipany, Kig. 127, which shows 
the* positions of the (*ranU at the* op(* 7 hng and closing of the inh*t 
and exhaust valvt*s. 

The valve* timijig in the* J)aiml(‘.r sl(‘(*ve-valv(* engine*, with 25° 
e)verlap, inelicates diffe‘ie‘nt ce)ndit.ie)ns e)f we)rking- - 




VaIAK SlOTTfNei 




OjH'ns 

Dlnsofl 

\Volsol('y 

Inlet 

Dxhaiisl, 

9” late 

111” early 

IM” lute 
7” late. 

Daimler . 

Inlet 

Kxlwiii.st 

(‘arlv 
or early 

54-” late 
20° late 


Tnteresting experime*nts* we*re‘ e*arried e)ut on a fe)ur-cy]inele‘r 
engine, bem* and stre)ke 41 in. by 5 in., having valve s 1 J in. eliame‘t.(*r 
anel both )f these*, being te)e> sma fe)r the* size* e)f the*, 

engine. 

J)iffe*re‘nt se‘t-s of cams, varying in preflile*, \\e*re‘ titte*el, giving the*, 
various valve*, settings in the* table*, and the* iv*sults e)f brake tests eif 
the e*ngine are sheiwn by the* e urve*s, l^^ig 12S. 

In test A the inlet valves was neit open long eneiugh te) aelmit a 
full charge, and the. late opeming eif the*, (‘xhaust weiuld prexluco 
high back pre*ssure* during e*xha.ust, anel the^ gase's Aveiuld not be 
clenrcd exit eif the^ cylinde*r. • 

In B the increased duratiem of aei mission allowed a gr(*ater 
weight of e harge te) (*nte^r thei e.ylinde.r, anel t he gas had time to (escape 
* Avtomotor Journal Juno l2th, 1909. 
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due to^thc early opening of the exhaust valve, while its late elosing 
with 3° overlap increased the power and speed. 

The setting in test (7, without overlap, gave the b(‘St curve of the 
series, and sustained increase of power at high speeds. 

With an engiue of the same cylinder dimensions, but with eon- 
neetmg rods 10 in. long instead of the previous 12 in., and valves 
2 in. diameter having in. lift, tinie/1 as in test (\ excerpt that 



Fjg. 12S. (^riivES Showing CirANCE in Power to Various Cams 


the exhaust valves o[)(‘ned at 37^ oarly, f.c‘st D showed tlui ])ossibility 
of inc;r(‘ased power, diu^ chiefly to tiu‘ larg(n’ valves giving freer 
admissioji and exhaust. 


'^I'llSTS 

Vatae Setting; 

MaxiimiTii 
P.H V. 
Obt allied 

Sjieed , 
Kevolutioius 
]3er Minute 



i 

i ■■ 

1 Fxliaust 

1 

Closfii 

S'-’ lal(‘ 

1 U -' laU‘ 

14^’ oarlv 

P)-3 

S()r)-877 

1 

Opoin'd 

Closed 

O'" 

1 7'^ lalo 1 

47"' c*arly 
12" lato 

21)-2 

1150 

1 

Oficiicd 

Clfwed 

i \rhiU^ 

1 22^ hit-(* 

3‘J® (‘arly 
1U“ late. 

31-2 

1300 


OpiMU'd 

CIohchI 

i;}" lilt.! 

22“ latKi 

37" <‘arly 
in'* late' 

33 7 

1 305 


Volumetric Efficiency may be defined as tlu‘ ratio of the actual 
volume of eonibustibk‘ mixture' or charge drawn into the engine 
cylinder pc‘r cycU' at standard tem]feratur(‘ and ])]-(vssur(', to the 
volume swc])t by the ])iston in one stroke. In ju-acitice, the actual 
volumetric efficiency de})ends uptin several factors, including chiefly 
(a) the temi)(‘raturi‘ of tli^' charge as it entcu’s tin* cylinder, Xb) the 
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resistance of the inlet valvc^s and pipes, and (c) the back pressure of 
the residual products hdt in the cAearance space. 

The curves, Fig. 129, give the average volumetric efficiency at 
standard pri'ssure and t(‘mperature, obtaim'd by Mr. H. U. Ricardo 
from a large iiumbtT of direct tests, and from many indicator 
diagrams. With valves in the cylinder head, the volumetric ('ffi- 
ciency A is higher than B when they arc^ in the sidi‘. pockets. 
Experience shows that, with a gas velocity of 100 ft. per s(*(‘-. through 
the inlet valves in the head, the average* vohimt*tric efficiency is 
77 per cent, and the highest recorded is 70 per cent. 

P It is necessary to heat the* incoming charge in order to supply tlje 
latent heat of eva])oration of the* ])etrol and to pre^vt'ut condeMisaticm 
in the induction pipe*. After passing through the inl(‘t valve, the 
fresh charge will receive heat from the* combustion chamber, cylinder 



KiCJ. 129. Kkcation iu-:tvvtm:n VocrMioTUie Ki'I'1(’ii:nlv 
AND yicT.oc'iTY itv Fi.ow Tnm)iT(ai \'Ar.vKs (ik’/rtt/t/of 


walls, and valves. Before mixiog Avith the r(*sidual products in the 
cylinder, the temperaturi* of th(‘ charge will bt* about 00° C., or 


333° C. (absolute), and its density is reduced to 


273 

333 


-^0*82, or 82 


per cent of that at standard temperature and pn*ssur(*, ])rovided 
the residual gases are at atmospheric pressure* and the*, inlet valves 
and pij)es offer no resistance. Tlu*, high(*r tin* velocity of the gas 
through the inlet valvt* the greab(‘r will be the turbulence of the 
charge and the rate of proy)agation of flames aft(*r ignition, but the 
greater also the loss by throttling and tin* lowi'i* the volum(*tric 
efficiency. Experi(*nce tends to show that, for turbul(*nce and 
rapid combustion, tlu* velocity of the fresh charge at entry must 
be at least 100 to 130 or 150 ft. per sec., and, neglecting friction, 
the differemee of pressure b(‘tween tJi(^ outside atinospluirc around 
the carburettor and that in tlui cylinder nect^ssary to produce 


wv 

this velocity may be calculated by wh(*r(‘ w is the d(*nsity 
of the charge, i.e. 0 085 lb. per cub. ft. at 0° (J. This difference of 


•085 X 100 X 100 
64-4 X 144 


— 0 0017 1V>. pi t- sq. ill 
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When a petrol engine, with the inlet and exhaust pipes removed to 
reduce friction and pulsations, was motored round at 1,450 revolu- 
tions per minute, such that the gas velocity through the inlet valve 
was exactly 100 ft. per se(‘., the light spring diagrams indicated a 
pressure drop of 0-3 lb. per stp in. The final pressure is thus 
14*4 lb. per sq. in., and the volumetric efficitmcy n^duced to 

7 ^ ~ cent, 

the maximum attainable under these conditions. 


In actual jiractic.e at high speeds it is difTicult to keep the inlet 
velocity down to about 100 ft. per sec., b(‘cause of the resistance 
in the carburettor and induction "^I he velocity through a 

suitable choke tube may be 250 ft. per st^c. to pulverize the petrol 
spray, with a mean head ” of O-O lb. per sep in. during the suction 
stroke, whiles at the end the V(‘locitv falls and part of the kinetic 
em^rgy is converted into pressure. By utilizing th(‘ kinetic energy 
of the gases in th(^ (‘xhaust pi])e, th(‘ residual gases in tJie cylinder 
may be brought to atmospheric pressur(\ '^Faking the volumetric 
efficiency, 80 ]}er cemt, the indicated mean effec tive ])ressure in thc‘ 
cylinder will be riMluced in proportion to 80/100, or 0-8. 

Again, thc^ teuiqjcraturc of the residual c^xhaust products after 
exj)ansion and subscKjuent drop to atmos])heric pressures can be 
determined from light spring indicator diagrams. 

Thus, for a comprc'ssion ratio of 4, tlie final temperature is 

273 

'1100'^ C. (abs.), and the chuisity of the exhaust gas “ 0-248. 

The clearance volume is on(*-third of the swept volume*, and the 
cylinder is full of gases at atmosjiheric pri'ssure at the end of the 
suction stroke*. Tht‘n there is, in the mixture, 25 per cent of 
residual gas at 1100° C. and 75 j^er cent of fresh charge at 333° C. 
and density 0-82. 

The ijroportion by weight is 25 X 0-248 = 6-2 per cent of burnt 
products and 75 X 0-82 = 6T5 per cent of fresh charge. Therefore 
the mean tempe-rature is 


(3-2 X 1100° + (31-5 X 333° 
(3-2 + 61-5 


403° C. (abs.), or 130° C. 


This result is in fair agreement with the suction temperature 
obtaiiu'd by direct measurement. 

There is a uniform decrease of volumetric efficiency produced by 
increase of the tcunperaXure in the water jacket of the cylinder. 
The volumetric efficiency also falls as the compression ratio is 
increased at constant speed for the niixture strength giving complete 
combustion, while the jacket temperature is kept constant. Experi- 
ment shows a slight increase in vohimetric efficiency when the 
mixture is either riclK*!- or weaker than that giving complete 
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combustion ; in the latter case because of the lower combustion 
temperature of weak mixtures, and in the former owing to the larger 
proportion of liquid fuc^l and the fall in suction temperature by 
increase of the latent heat of evaporation. 

The effect of throttling an engine is to reduce the weight of the 
charge that can b(^ drawn into the cylinder, giving low volumetric 
efliciency and compression of th(‘. charge and low mean effectives 
pressure, so that the power is reduced to suit the load on the engine. 
The ratio of compression and (‘xpaTision is not changed, and, ])ro- 
vided tlu‘- ratio of fuel to air in the mixture is kept comtant, and 
the ignition advanced correctly to allow for tlu" slower rate of burning 
due to the largt'r ])ro])()rtion of inert gases in the (cylinder, the 
thermal efliciency, that is, the fued consumption per indicated horse- 
power hour, remains nearly the same, to h^ss than half-load torque. 
Below that, the proportion of residual exhaust products in the 
cylinder becomes so large as to cause d(dayed and incomplete com- 
bustion. The mechanical losses remain practically the same at 
constant si^e(‘d, and as tlu^ indicaled ]X)wer is reduccid, so is the 
mechanical efficiency. 

The temperature of the mixture in the gas engine cylinder is 
c*aleulated from the value of the gas constant R — pvjT, just before, 
compression b(‘gins, from the indicator diagrams, when the com- 
position of tht> fresh charge is known, and allowance made for the 
residual burnt produces hdt in the clearaiie-e spaci^ after exhaust, 
from light spring diagrams, on the assumption that thi‘ tciHierature 
of the gases remaining in th(‘ combustion chain biu’ can be i^stimated. 
The temperature during eompnsssion is then obtained from measure- 
ments of 'p and V along the compression (uirve. 

Also, on the expansion curvi* after t‘xplosion, allowance is made 
for the chemical change in volume on combustion. Th(^ constant 
R is indejamdent of th(‘ change in the*- sjiecific heat of the gas, and 
is equal to the difference of the specific ht*ats at constant pressure 
and constant voluiiu^ 

The difficulty in the early attempts at tho direct measurement of 
temperature within tht* engine cylinder, by means of a platinum 
wire fine enough and of so small thermal ca])acity as to follow the 
raj)id variation of tempi’rature without appreciable lag, was that the 
high (‘xplosion tein])('rature at onc(* m(*lted the fine platinum wire. 

Professors Callendar and Dalby havi* ovrrc'omi^ this difficulty by 
the ingenious device* of fitting the most didicatc platinum ther- 
monu'ter in a jack-in -th(‘-box valve, which expostis tlui fine wdre 
to the mixtun* in the* cylinder during (;oirjpn‘ssion, withdraws and 
screens Hit; wire* from the acd-io?! of th(‘- gas mouKuitarily at the 
highest t(*mp(‘ral ure of exyilositm, and expos(‘S it agam during each 
suction and c-omprt^ssion stroke. 

* ‘‘ ()r^ tho M('-asui’(iiri(‘ni ot "IVTUfM'rai-uros in ihn CylincitT of a (oih hiiginn, 
Proc. Boy. Soc.^ Senes A, Vol. HO (JOOT), p. 57. 
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The ordinary admission valve AB, Fig. 130, has an axial hole 
drilled through the stem and head, in which a tube moves to and 
fro, carrying the insulati^d leads from B to the platinum ther- 
mometer loop at P. This tube forms the spindle of the ther- 
mometer valve Tj which fits into the little conical stealing on A^ 
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fine platinum wire across their ends compemsates the end effect or 
cooling action by conduction from the thermometer wire to the 
thick leads. Thus the differcmce of resistance will be that of the 
hottest part of the therm ometc^r wire exposed to the gas within 
the cylinder. The bridge wire BW is candully calibrated. 

The contact-rmker consists of a pair of springs fitted with platinum 
contacts and carried on the arm ^ of a graduated and adjustable 
disk 0, which is secured by clamping screw L for any dtisired point 
I of the cycle. A pair of stejiped cams D rotate with tht' lay shaft, 
and allow the platinum point of ont‘, spring to make tOcn tric', contact 
with the other for an interval (»f about 10° of the crank angle, 
depending upon the distaiK'c betwe^en th(‘ steps 

Readings arc taken at sc^vcTal points in the c-ojnpression stroke 
when the index / is set for tln^ springs to mak(‘ c'ontaet, and the 
electric balanci* is adjusted on the bridge wire* l)y the indication of 
the galvanom('t(*r C. 

Obviously, with rapidly varying ti'inperatures, there will be time 
lag between the true tem])eratnre of the gas at any moment and 
that of tin* finest wire. On this n.ceoimt, Proft*ssors Oalkmdar and 
Dalby made measurements on the com])ressit)n curve where tin* rate 
of variation of temperatin<* is a mininiuin, rather than on the 
expansion curve after (‘X plosion wlnm tin* (diangc* of temi^eratiire 
may be 1000° C. in 1/10 see., that is, at the rate of 10,000° 0. per st‘c. 
The platinum thermomeU*!' wire usc'd was 1/1000 inch in dianu'ter. 

At engine syieed 130 r.ii.m., the lag of tin* th('rmometi*r, f^’ points 
on the compression curve*, was not more* than 10° of craiiK angle, 
with a tempe*rature variation of 200° (). in half a revolution, which 

10° 130 

corresponds to a lag of about X — O OO sec. To determine 
^ 360 60 

the exact correction for this lag effeet, the engine*, was iuotore*d round 
with the platinum thermometer exyiosed and r(‘adings noted wdien 
only air was compre\ssed and exjianded, while indieator diagrams 
were taken, from which the temj)e*ratures were^ calculated. C/om- 
parison of these* tt*mperalun*s gave* the;* lag effe*et correction. 

By this method it was found that the^ suction ea* charge*. ti*m- 
perature varied from 9;3° C. at light load to 125° V. at full load, the 
atmospheric temperature being 20° C. and w'at(*r jaeke*t 27° 
The following arei the results of two te^sts — 


Revolutions per minute 
Ratio air to ('as . . . . 

Atmospheric temperature 
Jacket temperature ^ . 

Thermometer reading at 360*^ crank angle 
Thermometer reading at 21)*^ crank angle 
Chemical contraction on combustion 
Maximum exjdosion temperature . 


Tkst 1 

130 

71 

20“ C. 
27“ C. 
122“ C\ 
1II“C. 
4 - 3 % 
2250“ C. 


Tkst 11 

114 
5-8 
2J“C. 
27“ 0. 

130“C. 
51% 
2500“ C. 
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The pressure, measured from the expansion curves of the indicator 
diagrams taken during these two trials, was practically the same, 
although the temperature during expansion was much higher with 
the richer mixture, whi(;h used more gas, without developing more 
power. This may be accounted for by tlu*, greater loss of heat to 
the walls of the combustion cluinibc'r froui the rich mixture during 
combustion, since the heat loss from th(‘ flame or incandescent gases 
and from the black piston would theiiTbe proportional to tin* fourth 
power of tln^ abstjlute temperature*,* but there was very little radia- 
tion from thc^ hot gas. The values of the maximum temperatures 
were probably rather high owing to the indicator available in 1907. 
Professor Dalby has improved tlu^ optical indicator (p. 20) ; and 
by this method accurate measuremt‘nts of the gas (constant may be 
obtained which will give a higher degree of accuracy. During this 
research, ternpi'iratures were measured ac(iurately, not only during 
suction and compression, but also at points along tin* expansion 
curve, aft(*r the maximum explosion pressure*. 

I Professor E. G. Coker and Mi\ W. A. Scobk* measured the cyclical 
changes t of temperature in the cylinder of a “ National ” gas engine 
having cylinder 7 in. diameter by 15 in. strokt*. The swept volume 
w^as 577 cub. in., clearance 120 cub. in. The engine was built to 
develof) 12 l.H.P. at 240 r.p.m. During tin* invi'stigation the engine 
indicated about 10 H.P. at 200 r.y).m., when the* air and gas inlets 
were adjustc*d to ensure an (*xplosioi) evei*y two revolutions. 

The thernn)-coupl(‘S used wen*. 10 pi*r c*,ent alloys of y)latinum- 
rhodium, and ])latinuni-iridium, of thickness 0 0005 to 0-0008 in. 
and proj(.‘cting J in. into the (‘.ylindc*r, were found to withstand for 
some time th(i highest t(*inp(u-ature. and shock of tln^ e*xplosions from 
mixtures G-7 to 7-35 of air to 1 gas, of w4iich the low er calorific value 
varied from 280 to 254 C.H.U. per cub. ft. The electromotive force 
of this couple is 7 to 8 millivolts at the highest tempe-ratures attained. 
The melting point of platinum is taken a]jproximately 1750° ; for 
rhodium about 1920° ; and for iridium 2300° C. ISir William Crookes 
has shown that these metals sublime at liigh ti*mperaturcs ; and 
from testsj at 1300° C., it is estimated that the fall in electromotive 
force of the thermo-couples is 5 per cent after an 8 hour run, while 
for an ordinary trial it is less than 24 pt*r cent. 

Exx)erim(*nts by J)r. Harker, at the National Physical Laboratory, 

* Stefan’s law that the rate of radiation from a black body hko the piston, 
to a black enclosure, expressed in B.Th.U. per square foot per hour, is 
16 X 10'^“ ^ where and aro the absolute tenqieratures in 

degrees Fahr. of the two snrfacc-s. See “ Heat Transmission,” by Professor 
JJalby, Fi'oc. l.Mech. E, (1909), p. 924; also Report No. 9, by Engineering 
Committee of the Food Investigation Board, ineluding n-sull s of experiments 
on the transfer of lieat by convection of aif between parallel vertical walls. 
October, 1922. 

t Proc. Inst. C.E., Vol. CX(’VI, pp. 1-74. 

t The Measure tH(uU oj High Temperatures^ O. K. Burgess and II. Le CUatelier 
(London, 1912). * 
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show that the melting point of these 10 per cent alloys is about 
100° C. higher than that of platinum, or 1850° 0. 

The couple was in a two-way fire-clay tube, secured in a steel 
sheath by ])laster of Paris, and the sheath formed a conical valve 
fitted on the cylind(‘r above the? combustion chainber. Indicator 
diagratns wen^ taken with a 200 lb. spring, and another with the 
phase alter(‘d to draw out the explosion part. In this way the 



O I ^ ^ ^ 1 

360 180 720 540 360 

Suction. Com; Expan- Exhaust. 
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values of th(‘ constant pvlT tor a numb(‘r of points on l}u‘ com- 
pression and cx[)ansion curves were obtained, tli(‘ crank angl(‘ bi‘ing 
set by a contact-maker similar to that used by Prof(‘ssoi's C’alltmdar 
and Dalby. In one series of tests the' constant U was 22 for com- 
pression and 21-45 selected for the expansion curve in order to 
avoid the correction for the mokaailar contraction of th(‘ gasi^s 
during combustion, and to use the com])aratively»high t(‘m])eratures 
and ])ressurcs measured on the expansion stroke. 

The average temperatures obtain(‘rl for normal running with 
moderately rich mixtures are given by the Iowct curve*, Fig. 132, 
and the upper curve with the ratio of* air to gas 5-fi() to 1, the 
strongest the engine would take, to (‘ompare with 5-8 to 1 (p. 328). 
In this cast^ the maximum ^)r(\ssurc was 4331b. per sq. in. and 
maximum t(*mperaturc re(I^on(*d at 2250° (J. 

The weakest mixtun*, 7-35 of air to 1 of gas, gave a maximum 
temp(*rature 1830° C. The measun^d valhes are shown in Fig. 133, 
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and the higher temperatures for the peak of the explosion were 
calculated from indu^ator diagi’ams and the gas constant, pvjT. 
The calculation of tht' suction temperatur(‘- based on the mixing of 
the fresh charg(‘ with the residual gases gave a lowiu’ value than 
that observed, 2()()'^(/., or nearly double', th(‘ value found above 
(p. 32S) which is usually taken. In this engine the air-inh't seating 
was not jacketed and the heat was coydueb'd along the inlet pi])i'S ; 
also considerable back jiressure was indicated by the, diagrams, 



which increased the Avc'ight of the residual gas. The int'oming air 
was heated by these, as well as by the piston and the hot walls of 
the combustion chain b(‘r. Tlius the charge was admitted to the 
cylinder at a comparatividy high temperaturi', and the power 
developed was reduci'd accordingly. The maximum pressure and 
temperature occurred earli(*r as thi^ stnmgth of the charge increased, 
and at normal charge strength the highest explosion temperatures 
ranged between 1830 ' and 1950° C. 

The average h('at, 800 per min., Avas supplied to the 

(mgine, of which 240C.H.IT., or 30 per cent, was converted into 
indicated work and 275C).fl.U. passed to the cooling water. The 
total surfact^ available for conduction of this heat to the water 
jacket, including the piston area, was 3-5 sq. ft , and the surface 
area of the combustion chamber about 1 sq. ft., so that the heat 
flow could not be greater than 400 C.H.U. per sq. ft. per min. The 
heat flow is proportional to the tcun^erature gradient, so that the 
mean ti'inperature of the inner surfaee of the cylinder liner was less 
than 40° C. above that of the jacket outlet with a very small cj^clical 
change in the metal. • 
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Thermo-couples, consisting of cast-iron plugs with wrought-iron 
wires were also used to measure directly the temperatures at or 
near the surface of the c‘ylind('r, and of the valves and piston. The 
highest temperature of the inh^t valve was 310° C., with a cyclical 
change of 10° to 20° C. ; that of the exhaust valve was 400° C., 
with a variation of 10° to 15° 0. ; and the centre of the piston 340°, 
changing not mor(^ than 80° C. The maximum surface temperature 
of th(^ combustion chamber ''was 250°, with a cyclical change of 
about 20° C. ; and that of the cylinder liner was not more than 
40° above the jacket outlet, with an ina2)preciable cyclical change. 

Transference of Heat. The hc^at generated by the explosion of 
tilt' charge' in tht' engine eylindc'r is transmitted to the cylinder 
walls, piston, and jac.ktd. water by radiation, conduction, and 
convection. 

Radiation. Heat-, likt* light, is radiated, with the vt'locity of 
light, from tht' sun ; both art' transmittc'd as radiant energy in 
waves through ether, and radiant heat, has th(‘ longer wave-length. 
Radiant ent'rgy and light have precisedy tlu' same laM\s of propaga- 
tion, rellc'ction, and i tdraclion. Radiant tmt'Tgy does not warm the 
medium through which it is propagated from th(‘ sun to the earth’s 
atmosphere' until the wave's reach th(' recc'ivi'i* and are absorbed by 
a body, raising its tempc'rature. Dark radiation, from a hcatc'd 
ball in an enclosure, may be reflected by a mirror or “ burning ” 
lens. 

Stefan’s Law. Stefan sugg(‘.st('.d that the rate of radiati|)n from 
an incandesc!C‘nt black body into spacer is proportional to the fourth 
power of the absolute temperature. This law agre('d with the 
rc'sults of expt'rimc'nts by Dulong and Pidit, T^mdall, and edhers. 
The maximmn arnonni of hexit in B.Th.U. radiated from a black 
incmide^cent body j^er ,^(jvare foot per hour is lb x 10’ where T 
is the absolute teynperature (Fahr.). A black body at 000° 0. 
radiates roughly 100 B.Th.t^. per sq. ft. per min. 

li the flame temperature of the burning gas(‘s is 7\°(^ (abs.), and 
that of the enclosure* Tf V>. (abs.), since the flame of incandescent 
particles fills the vessel, the area of the radiating surface of the 
mass of gas is the same as the absorbing surface, the greatest 
quantit}^ of ht*at (*nergy ]‘adiat(*d by the gas, (onsidi'rcd as a black 
body, ])er square fool, of its boundary surface, is 

9-33 X 10 ■’ (7V-- C.U.V. pen* hour. 

This formula doc'S not apply when the gases art* not incandes- 
cent, because burnt gas (t'vcn at flames tempt'rature) radiates 
comparativc'ly little heat. 

Professor Callendar showed* that the hc^at radiati'd from explo- 
sions in enclosed V(;ss(*ls and in the internal combustion engine is 

* Proc. K.S.A.j Vol. 77, ]). 400, and Proc. Insl. Auto. E., April, 1907 ; also, 
Third Report (1910) of the British Association (tftscous Explosions Committee. 
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of the same order as radiation from a large non-luininous Bunsen 
flame and that of the Meker burner, which radiate about 15 per 
cent of the heat of combustion. With very large flames the radia- 
tion tends to become proportional to the enclosiag surface. He 
found with a mixture of gas and air in the proportion for complete 
combustion, the aviirage quantity of heat radiated during explosion 
was 12-5 per e(*iit of the heat of coinbiistior, and with rich mixtures 
the jiiaximiim of 20 prr cent was readied. 

Although it is impossible to estimate, separately, the I'xact 
amount of radiation to tht> cylinder walls, it is probal)le that the 
loss by radiation is proportional to the area of thi' wall surface of 
the enclosure*, and is practically independent of the time, because 
the duration of flame* is very short in the ray)id explosions of the 
most efliei(*nt mixtur(*s. The assum])tion is that, as a rough 
approximation, two similar masses of flame in which the tem- 
peratures at eorr(\sy)onding points are the same, and in which the 
densities jfre inv'(*rs(*ly proportional to the vadumc'S, will radiate 
heat equally. 

Th(*- total h(*at en(*rgy radiated in tlu*. engine cylinder from the 
mass of burning gas is pro]iortional to the area of the combustion 
chamber, and tli(*r(*for(* tlu* radiation received y)er square foot of 
tlu* boundary may be calculated. 

Sir J)ugald Chrk r(*ekoned tlu* heat loss by radiation during 
(^xy)losion at ordinary comy3ression in a gas engine, using the most 
(*cononii(‘al mixture and a maximum temperature of 1800° 0., to 
be about 3 per (‘(*nt wh(*n the time of ex])losion is 1 /30 sec. 

Professor Hopkinson sliow(*d* from exyflosion vessi*l and other 
exjieriments that the h(‘at loss by radiation is KVI^ where t is the 
time of exyilosion and K a constant. In the cooling of the flames the 

h(*at loss is 2T j ^ ' 'I ' i, where T is the flame temperature, K the 

77 

thermal conductivity, and r the tlu*rjnal ca])aeity yier unit volume. 

H(*, also deiermini*d th(^ r(*lation between heat loss and the con- 
ditions of the* surfac(*s in the combustion chamber. It is well 
know n that lamyiljlack is a good absorber and radiator of heat, but 
does not r(*flc‘ct ; on tlu* otlu*r hand, silver, brass, tinfoil, or metal 
when y)olished, reflect both heat and light, but are not good absorbers. 

Mixtiirt*s of ( oal gas and air in the same yiroportions w(*re exy)loded 
in one case* in a. cast-iron vessel c*oated inside* with lamyiblack, and 
in anotlu*r liru*d with tinfoil or silve‘red. With lamy)blaek it was 
estimated that about oiu*-third of the total heat loss to the walls 
was due to radiation u]) to 1 /lOth see. aft(*r maximum pressure was 
attaiiu*fl, when tlu* ti*my)erature was 2100° C. and fc'll to 1200° C. 
In cooling the burnt yuodiicts to al^lnosyiheric temperature, at least 
one-fifth of the total heat given to the black walls was due to 

* Prov. Roy. ^oc. A.j V6\. 70 and Vol. 84 (1910). • 
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radiation. In vessel with polished inner surface the loss by 
radiation to the walls was reduced, the maximum pressure increased 
about 3 per ecuit, and the rate of cooling was considerably less than 
in that witfi the lampblack surface. 

In actual praeticu', ])etr()l tuigines, liaving ground and polished 
combustion chain Iku’s, not only give ineri'ase of mean efTective 
pressure and tfuTinal ellieuuuy, but also have l(‘ss tendency to 
deposit carbon, which absorbs heat rapidly. A layt^ of carbon 
deposit 1 /10th in. thick, of tlu^rmal conductivity about 1 /50th that 
of iron, in the combustion cliarnber of a ])etrol engine, for ttu'. 
ordinary heat How, givt^s a mean tem])erature of 700° (k, and tends 
to set up pre-ignition of tlu* charge during compression, while any 
such hot spot gets still liottcT liecause it is a ceiitn* of ignition 
(pp. 345 and 350). 

Conduction and Concvciion. The (piantity of heat, Q, transferred 
by conduction in a steady flow^ through a clean plat(^ is directly pro- 
portional to the constant difference of temj)eratur(‘, I\ - Y g, bi‘tween 
the two surfaces of tlu‘ mel-al ])late, and inversely as th(‘ thickness 
I in. of the plat(\ 

If the temperature is Fahrenheit, in time* f mill., the quantity of 
heat transferred in B.Th.lI. is 


« 




where A is the area of the surface of the plati* in square* fe(>, and 
kj the thermal conduc tivity, varies with the* material in the plate, 
and its mean temperature, Thc^ value of k for cast iron is 4-3 about 
140” F. in these units (see p. 339) by this formula. 

There is a thin film of gas clinging to the inn(‘r walls of the 
combustion chambc'r, which is not afiparently affected by con- 
vection currents or turbulenci* of the gast‘s, anti which offers gi-eat 
resistance to the passage of ht*at, other than radiant energy, by 
conduction. 

On the outer side* of the cylinder liner there is a similar film of 
water, only slightly affect(*d by tlie circulating wat(‘r, which offers 
smaller resistance to the transfiT of heat from the metal to the 
water. There must be gr(*at differ(*nceK of tempc‘rature in these 
very thin films or layers of air and water close to the interface of 
their contatd with the metal, especially vvht‘n then* is a large flow 
of heat by conduction from tin* gas through the metal to the cooling 
water . 

In addition, th(‘re may b(' carbon or sofity deposit and a film of 
oil on the gas side of file cylinder walls, and a layer of lime or 
sediment on the water jacket si(Je, whi(;h also offer resistance to the 
heat flow. 

As an illustration of the r(*lative tiunperature gradients due to 
the ther^nal resistances of the air film, the iron, and the water film 
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in the transinission of heat through them hy conduction from the 
gas to the water, 8U])pos(^ a clean iron plate 1 in. thu*h coated with 
a film of air on one side and a film of water on th(' other side, each 

film being in. thii k. Lord Kelvin j)oints out* that the thermal 

conductivity of iron is SO timcvs that of water and 3,500 times that 
of air. Since thermal resislama' is invi^^sely ])rop()rtional to thermal 
conductivity, taking the thermal resistance of the iron ]jlat(^ unity, 

the rcsistaiK-.e of fhe air filn\ will b(' 17-5, and that of the 

80 ^ 

watcT film - 0-4. The total diff(‘rence of tein])eralnrc or head 

necessary for a given flow of heat will be proportional to these 
thermal resistances : 17-5 1 I 0-4 - 18-9 ; tliat is, 92-6 per cent 
of the whole dro]) in the temperature gradi(‘nts is recpiired for the 
heat flow to overcome the resistance of the gas film, 5-3 per cent 
the iron plat(\ and 21 per cent the water film. 

A gas engine devedoping 40B.1-I.P, on coal gas has the cylinder 
kept cool by the water jacdvct. In order to r(‘ach the water from 
the inner surface*, the heat has to flow by conduction through the 
metal of tin* walls. The cylinder liner is 1 in. thii‘k and the average 
rate of flow of heat through this metal to tiu* water jacket is about 
fiOO B.Th.lT. per sq. ft . per min. Idle tem])erature gradient ne(*.essary 
to sustain this flow is about ()()° V. p'*r inch thhdcricvss of metal 
liner ; according to the (‘xpe^rirnentsf of ( -allendar and Nicolson on 
the thermal conductivity of cast iron, which showed that k is about 
10 per cent less at 18b ^(^ than at 40^ Therefore the inner 
surface of the cylinder liner is only 00° hotter than the jacket 
water. 

(\msiden‘d in more detail, the transference of heat from the hot 
core at the* centre of the* (combustion chamber to the jacket water 
is illustrated by the diagram. Fig. 134. 

Prcjfessor Dalby clearly exjdains in tin* similar case of the hot 
gases from the furnace of the steam boiler to the water, supposing 
the heat flow steady and c(mstant, by tin* analogy of a steady 
direct electric current flowing through parts of a circuit consisting 
of various resistances, in which the differences of potential at the 
various points correspond to the differences of temperature nt'cessary 
to produce* the* flow of heat thnmgh tin* various thermal resistances. 

The temperature A a of the hot central core of gas in the engine 
cylinder falls gradually to Bh at the gas film, as the heat is removed 
to th(^ boundary walls by cemvection currents and turbulence, and 
ver^^ slightly by conduction, gas having a low thermal conductivity. 

A great difference of temperature, - Or, is needed for the 
transfer of heat through the exceedingly great resistance of the gas 

* “ Heat," in Ency. Britt., 9th Kdition, p. 579. 
t Proc. Inst. C.M.l Vol. CXXXI, p. 159. 
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film. The tt^mpcrature falls to Dd through the oil film. A drop 
of temperature, dd/, is nee'ded to transfer the heat flow across the 
surface, where the gas or oil film is in contact with the metal, like 
the potential diflcrence at a joint in an electric circuit. A similar 
fall of ttunpt'rature, ef, is needed across th(' surface of contact 
between the metal and water film. 

The temperature drop, Dd/ - AV, through the metal is com- 
paratively small, and Ef -t/q for the water film to that of the 
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water clos(* to the nuflal, which finally falls to Ilh, th(^ mean tem- 
perature of the jac^kct- wat(*r which removes the heat. 

The h(‘at givtm to the piston-facc^ has to be conduce ted radially 
to the edge, and then across the film of oil between the piston and 
cylinder liner, and through the liner to the jacket water. 

From experiments* on the steam boiler it is inferred that 98 per 
cent of the total available tempe^rature is recpiired to force the heat 
from the gas into the metal, and the remaining 2 per cent transfers 
the heat from thc^ metal to the w^abT in the })oiler. Also, the gas 
side of the plate of thci heating surfac^e is only 36"' hotter than the 
water side. Sir John Durston found similar results, and wdth a 
clean plate and the water at 212° F., the temperature on the gas 
side of the plate was 68° F. higher than that of the water. When 
5 per cent of mineral oil w as Added to the fe(jd water, the difference 
of temperature increased from 68° to 98° F. ; 2-5 per cent of paraffin 
in the water increased the difference to 1 18° ; and with a greasy 
• * Tha Engineer, Vol. LXX, p.r523 (Hudson). 
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deposit ] /lO in. thick, the temperature rose to 338° F. above that 
of the water. 

Experiment shows that the rate of transfer of heat by conduction 
from the hot gas to the cylinder walls in the internai combustion 
engine depends on tht^ nature and condition of the surface and is 
found to increase with th(^ density or compression, and with the 
velocity, eddying motion, or turbnhnce uf the gas, which, by scrub- 
bing or scouring the inert gas film, firings f r(\sh ])articies of gas into 
contact with the surfaces to which they impart their heat, t(mds to 
increase the rate of hciat flow from thc^ gas to tfu’s metal, according 
to the law of heat transmission first enunciated* in 1874 by Professor 
Osborne Reynolds \ h {A H- Bpv) where p is the density, 

V velocity, and the temperature of the gas, and U the temperature 
of the metal surface ; A and B are constants depending on the 
nature of the working fluid, and h the heat transmitted per unit 
area of surface in unit time (see p. 

Prof(\ssf)r .1. 1\ Nieolson applied this effect to the design of 
sb‘am boiku's for utilizing tlu‘ waste heat in the e^xhaust gases from 
inttTual comliustion (‘iigines. 

Prof(‘ssor 13. Hopkinson nK'asun^l the metal temperature and heat 
flow! in a Oi’ossk'y gas erngine working on the ordinary four-stroke 
cycle with “ hit-and-miss ' governing, and rated to giv(^ 40 B.H.P. 
at 18()rp.in. Diameter of cylinder ll|in. by 21 in. stroke, com- 
])ression space 407 cub. in., compression ratio 6-37, and compression 
160 lb. ])er sq. in. (gauge). 

, The thermo-coujiles consisk'd of nickel wire 0*015 in. diameter, 
jiassed through a hole drilled in a wrought iron bolt, brazed into 
the iron at the (uid and insulatcMl by a glass tube set in plaster of 
Paris ; the se‘Cnnd connection being madt^ v\ith WTOught iron wire. 
Each therrno-couph^ w^as calilirakHl up to 700° C. in an electric 
furnace against a (/alkmdar pyromek'r. The same leads, resis- 
tance's, and galvanonK'ter wt're used in the calibration as in the 
engiiK' ; the bolt containing tlie cou2)le b(‘ing simply changed from 
its place* in the engine to tlu' furnaet'. In all cases the absolute 
mi'usurc'ments w('ro corn'd, to within 15° 0., and the difference of 
tem])i'ratures b(*tween two points to within 5° 0. 

The gas was measurc'd l)y the fall of a standard gas-holder, of 
10 cub. ft., capacity, with Uk* main sup]jly cut off ; and its lower 
calorific value nu'asurc'd in a Boys or a Junk(‘r calorimet.er. An 
exhaust calorimi'ter of the sx)ray type w^as fitted, and the total 
h('at givc'u to the (*ngiii(‘ w as occasionally measured as a check upon 
the calorific value measurements ; and either the brake or indicated 
work could bi* ])redicted corn'cdly to within 2 i)er cent.J 

* 8oe The Steam Knqitie, by Prof. Perry (1809), 586-8 ; also by Dr. 

T. E. Stanton, Trans. Boy. Soc., Vol. CXCIX (1807), p. 67. 

t Proc. Inst. C.f;., Vol. CLXXVI (1900), p. 210. 

X Proc. Tnst. Mech. E., 101^8, p. 417. 
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The fluctuations of temperature at the metal surfac^e to a depth 
of 3/16 in. was determined by means of a rotating contact-maker, 
and the elecdric potcmtial of the therm o-couph^ at definite points in 
the cycle, measured by a pobmtiometer. The fluctuation during a 
cycle was not more than 5"" above* and bellow the mt^an. 

The cyclical variations in the metal diminish very rapidly with 
the depth, and those r(*gist(*n*d by the coupler will be* le‘Hs than at 
the surface*. He:)weve*r, the* wmn te‘friperature‘, e‘e)rrectly registe*red 
by the the‘rmo-couplcs, remaineel the same, within ew 4'' C., at 
the surfaces anel at a ])e)int ^ in. in the metal. 

In the investigation, ce)mparison is maele be'tw e*en the tcmp(*raturcs 
of the various parts anel the te)tal heat re*ccive*d by the* e'ngine and 
removed by the jacket- water, also by radiatie)n anel cemeJuction. 
The excess of the temperature of any portion e)f the engine over the 
mean temperature e)f the wate'r jacket, multiplieel by the average 
thermal ee)neluctivity of the* metal along the* line* of heat, flow fre)m 
that point to the jae ket-water, is take*!! as ])re)j)ortie)nal to the heat 
carried away. Ex])erime*nt ]m)ve*d that the* e‘a]>aeity for heat e)f 
the engine ^^'as eejiiivale‘nt to 1 ,060 lb. of wate‘r ; that is, an increase 
of in the mean temperature* of the* jaeke‘t-water eluring the 

tests, or of 2^^ (\ at exit, meant an absorptif)n e)f he‘at into the*- 
engine of about 2,000 B.Th.U. 

The surface of the conipressiem-e*hambe‘r, inclueling the^ piston- 
face, exposeel to the hot gases at the^ in-eentre, was about 2*5 aq. ft. ; 
at the other end of the out-stroke the te)tal surface* wA about 
8 sq.ft. At full loael the quantity of he^at earned away by the 
jacket-water varied fremi 1,400 te) 2,00t) B.Th.U. per minute, en an 
average of about 1,600 B.Th.l^. per minute. 

The heat remove*d by e;e)neluetie)n anel radiation was e‘stiniated 
by comparison of ])airs e)f trials in which the* e*e)nelitie)ns were* exactly 
the same, except that the* te*m])e*rature e)f the* jae kt*t wate^r was 
varied by changing the rate of flow. It was founel that, wlien the*. 
mean tempe'rature e)f the jacket exeee*eled that e)f the air by 28 ' ('., 
the heat removed by the water was 100 B.Th.U. less than whe*!! the 
difference was tU U. Assuming the* rate* e)f loss pre)portional to the 
temperature differe*ne*e*, then the te)tal he‘at lost by radiation and 
conduction in the fe)rmer case* is 150 B.Th.U., e^r, roughly, 10 ])fu' 
cent of the total heat passing iiite) the* walls eif the engine. In most 
of the tests the tempe*rature e)f the* jae ke*t wat(*r at exit was 70° (t, 
and the m(*an jaeke‘t tempe^rature; 42° (t, or 28°-(J. in excess e)f the*, 
air temperature. ITnder the*se eemditions, the^ le)ss by radiatiem fe)r 
all the tests would be practically 150 B.TIi.lJ. per min. 

The total heat Q removed by the^ jacket water and by ee)ndue‘tion 
and radiation at full le)ad varie!"d from 29 ])er ea*nt e)f the^ whole heat 
supply, with a charge containing 8*5 j)er cent e)f coal gas, up to 
34 per cent with 1 1 per cent of coal gas. In a serie*s of tests, Q was 
varied'from 1,300 to 2,000 B.Th.U. per mki., and in each the ratio 
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6 IQ remain(‘d constant, where 0 is the excess of piston temperature 
over the mean jacket-temperature (42° C.), ])roving that within 
these limits the ])roportion of heat recoivt'd hy the 'piston is prac- 
tically unaffecti^d by the strength of the mixture. For instance, 
with the mean total loss, Q, of 1 ,()()() BTh.U. ])er min., tlie excess 
temperature 0 at th(i C(mtre of the })iston was 330° C. or 

when the tem])(‘rature at th(^ piston e-entn*. was 330°+ 42°C!. :r-^372°C. 
Under norjnal Avorking conditions, i\w t(‘rnpi‘rature at th(‘ centre of 
the piston Jiiay be taken as 340° (^, and at the periphery 170° C., 
abov(* the mean jaeket-temperatunv With the ric'.hest ehargi‘.s this 
temj)eratiir(' rise's at the centre to 400° C., and at the (‘dge 220° 0. 
above the mean jack(‘t temperature. 

From the tcmjjcraturc’i gradieuit in th(' ])iston, a rough estimate 
can b(‘ fornft'd of the rate at which it is reee'iving heat. Considered 
as a thin circular disk renudving heat, 4^lct, at a uniform rate over 
the surface, and that th(‘ heat is removed equally all round the 
(‘dg(^ then the* ditfen'iict' of tc'inpi'ratun', T, between the centre of 
tlu' piston and a point in tlu' face, at radius r in., can be shown to 
hr- 

bi‘ V(‘ry nearly-^-, ])rovid(*d the distance (d tlu' point from the edge 

is not l(‘ss than tin* uniform thickness, / in., of the disk or crown, 
where h is the* rati‘ of heat reception in B Fh.U. ]jer square inch pirr 
minute ; k the aviTage conductivity of thi' nu'tal, which decreases 
as tli(* temjK'raturc risi's.* The (‘Xperiments of (^allendar and 
Nicolson showed that k is about. 10 per cent less at 180° V>. than at 
40° V., and so k - O-OoO at 300° (\ by extrapolation. In this 
engine piston / — l-o in. 

Und(*r normal NNorking conditions, when th(‘ total loss by heat 
flow is Q — 1 ,000 B.Th.U. ])er min., the dilh'i't'nee of tmnperature, T, 
bc‘twc(‘n th(* c(*ntrt‘ of the piston and a point in the ]jiston faci^ at 
radius r ^ 3-02 in. was found by experinu'ut to be 72° C., then the 
rate of hi*at flow into the disk of radius 3-02 in. is 


h 


1-845 B.Th.U.pcr 


X ^kt __ 72° X 4 X 005t) X I- 
7-2 ■ (3-02)2 

sq. in, per min. 

This is the difTi'ri'iici^ bi*twwn th(‘ lu'at taken in at the piston 
fa(^(^ and thai. lost by the metal by convection and radiation from 

* Soo Proc. Inst. Vol. CiLXXVl (July 1909), Apyioiidix il, p. 24(1. The 
tliftereiice of leinpertituro b(‘t\veeu the centre and edge of a thick disk heated 

2^0 


uniformly over one face, lies between And — — 


U't 


When the disk is 


very thin these expressions become equal to that given in the text. A mean 


between the two, namely, 


h{r^ 4 rq. 




is probably u very close approximsition. 
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the back of the piston exposed to the air. The latter loss was 
found by lagging the piston with magnesia and running under 
identical conditions. The temperature at the centre of the piston 
was not more than 10° 0. higher with the lagging than without it. 
It follows that only 2 or 3 per cent of the whole heat recidved by 
the piston face is lost from the back. 

The area of the piston face is 104 sq. in., and tlu' total ht'.at 
received by it is 104 X 1-845^ 102 B.Th.U. pi‘r min., or only 12 per 
cent of the whole loss Q by heat-flow into walls. 

At the in-centre, when the density and tcmij^erature of the gas 
is highest, and the ht‘at flow is therefore most ra])id, the piston area 
is 30 per cent of the whole exposed surface, and at the out-centre 
it is 11 j)er cent. If all the gas were at the same temperature, the 
piston would be t‘Xp(‘cted to rec(‘iv(‘- one -fifth of the total heat Q lost 
in the tmgine. Pai*t of this loss occurs during the rush of the hot 
gases past the exhaust valve at the monuuit of ri'lease, and prac- 
tically the whole of this goes to the valves and ])assages, and none to 
the piston. Probably tiie gases in contact witli the piston after 
combustion is conipl(‘te sav cooler than any wher(‘ else in th(' cylinder. 
The mixture tlu're must be rather weaker than the av(‘ragt% because 
the piston takes w^ith it on the su(;tion strokes a larger part of the 
gases left in the clearance spac(^ which will dilute th(‘ mixtun^ near 
the piston more than in otluu- parts of th(‘ cylind(‘r. Moreover*, the 
gas near the piston is the last to be ignited, the flajiu' starting from 
the ignition at the ox)posite sid(‘ of th(‘ compression s])aJl^ and, 
consequently, the gas near tht^ piston after ignition will be much 
cooler than that near the point of ignition (s(H'. p. 350). The trials 
show that the piston only receives about onc-eiglith of the total heat 
lost in the engine. 

Professor Hojikinson compared tlu^ above result with dir(K‘4 deter- 
minations of the heat given to the water-cooled jiiston by Professor 
Burstall in the Third Keport* of the Gas Engine Bescarch Oom- 
mittee. The comprc‘Ssion ratio w as 0-71). At tlu^ in-c*.entre the art'.a 
of the piston was about 0-3 of the exjiosiHl surface, and at the out- 
centre one-ninth, and the piston look in IG pc^j- cent of the; h(;at 
carried away by the cooling water. If to thi; h(;at remoV(;d by the 
water were added that takcui away by radiation and eonductioii, 
the proportion would be reduced to about 15 pt;r cemt of the total. 
In this case tht; water -jackt^kxl ihston was 200° G. the cooler. 

The heat given to the piston face has to be conducted radially to 
the edge and part down tin* piston skirt. It has to cross the film 
of lubricating oil betw(;cn the piston ano^ lim^r, and through it to 
the water jacket. Part of the heat goes through the piston-rings 
and part by the skirt. The tewiperaturci will increase as the square 
of the diameter if the thickn(\ss of the piston crown remains ( 3 onstant 
and the metal surfaces clean. A deposit of carbon, tar, or other 
I * Proc. Inst. Mech. iy.,19USi? p. 5. 
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bad thermal conductor may receive heat nearly as fast as clean 
metal, but, in order to get the heat away, a higher temperature is 
reached and a greater temperature gradient is necessary. 

The internal stress in a disk of uniform thickness, not quite like 
the piston head, in which the net expansion between heating at the 
centre and cooling of the edge is 0*(M)38 in , corresponds to a tensile 
stress in the cast-iron i)iston of 7i tons per sq. in. ; and with normal 
charges the tension will amount to 5i tons ])er sq . in. l\he ek'aranee 
between piston and liner in this engiiu' when c old is about 45 
thousandths of an inch. 

With an average gas charge, and the! loss Q, 1 ,()()() 13. Th.U. p(*r 
min., the tcmiperature at the centre of exhaust valve*- was 400° 
and of the inlet valve 250° C. 

The tests showed a decrc'ase of 10 to 15 ])er cent in the ratio 0 /Q 
lor the exhaust valve* whe*n the str(*ngth of the mixture is incTcased, 
that is, the proi)ortion of total heat loss received by the exhaust 
valve is less vdien the charges are rich than when they are weak. 
This noteworthy f(*ature may be ex])lainc‘d by the fact that the heat 
loss w^hich occurs during the* exhaust, just aft(*r release, goes mainly 
to the valve. This view is confirnu*d by e'xpi*riment wdien the total 
heat loss Q is reduced by diminishing the* load on the^ (*ngine, so 
that it misses ignitions ; the e;harge*- of gas remaining the* same, the 
value* of 0 IQ for the exhaust valve is unalie*-red, showmig that the 
pro]X)rtion of heat j*(*e(*ived by the exhaust valve*- is unehange*d. 

The* te‘mp(*rature'- of tlie^ me*tal at any 2 )oint in the (*ylinelei‘ elepends 
chiefly upon tw'o factors : the heat flow, or rate at whie-h heat passes 
into the surface ]:)er unit of area at that point, and the distance the 
he.at has to travel to the place whe*-re*- it is remove^d. The heat flow 
is coriditione*d ])y the* strength of the mixture, the* degree of compression, 
and the tune of ignition ; ancl the distance mainly by the size and 
dt*sign of the me*tal in relation to the* cooling water. Thus, in a 
geometrician y similar d(\sign, if the thickness of the piston crown 
were* halved, the fall of teimpeirature from e*e*ntre to edge* would be 
doubled, tending to produce* pre-ignition with strong charges. 

Strength of Mixture. The following table givers the tempe*-ratures 
obtained in eixp(*riments with very W'^e'ak and v(*ry rich mixtures, 
the engine running at 180 r.p.m. and firing every time, with jacket 
wate*r 75° C. at outlet. The loweu* calorific value of the gas was 
580 B.Th.U. per cub. ft. at atmosphenic temperature and pressure — 


WlOAK 


Gas Charge, cubic foot por auct-koii 

-Percentage of gas in cylinder contents 

Total heat-loss, B.Th.U. jjer minute . ^ . 

Total heat-loss as percentage of total heat supply 

Temperature of piston at 3 ■02 in. from centre 

Temperature of exhaust valve 

Temperature of inlet valve ■ ^ ■ 


01 

8-5 

1010 

29 

300 *^ C; 
400® C. 
240® C. 


Rich 


013 

11-0 

2300 

34 

430® C 
540® C 
365®>C 
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Thus the total heat loss with the richer charge and more rapid 
combustion increases over 50 per cent when the gas charge is 
increased 30 per cent. With the weaker charge, the volume increases 
during combustion, thus the temperature is lower, and less heat is 
lost, but the shar(‘, of heat received by th(^ exhaust valve is 
greater. 

Compression. The compression was reduced by keeping the half- 
compression (starting) cam fn action, which holds tin*, exhaust valve 
open during th(‘ first part of the compression stroke^. The valve 
closes when the volume em'losed by the piston is 41 per cent of the 
total volume at out-cemtre and tln^ pressure^ 10 lb. ])er sq. in. abovc^ 
atmos]jhere. The gas taken into the cylinder piu’ suction was thel 
same as the normal, but only 57-5 per cent of the whole charge is\ 
retained and the otlnn- })art exjjelled unburnt, so that only thei 
density of tht‘ charge is varied. Trials wert^ made in pairs on the \ 
same day ; on(‘ Avith tlu* engirn^ working normally, th(^ other with ' 
the half-compression cam in action. With diminished pressure the ' 
temperature in lh(‘ cylinder was v(n’y much lower, and the total 
heat loss gr(‘atly reduced, from 1,000 to 1,100 B.Tli.U., n(*arly, but 
not quite, in ])r()})ortion to th(‘ density of tlu‘ charge. 

In each case the piston friction lOOB.Th.U. [)rr min. (2-5 H.P.) 
is incliuhal in the total luait loss, and should bt' deducted to obtain 
th(‘ heat actually given out by the gas. Then tln^ losses bia'ome, 
with n‘duced compression, 32-2 per cent, and, with normal com- 
])ression, 30-2 per cnait. | 

When the compr(‘ssion is incnaised by rtalming tlu^ oh'arance, 
without other alteration, if the cl(‘arance is halved, the density 
during and soon after ex])losion will b(‘ doubled, and tin* h(‘at loss ])er 
unit ar(‘a of (‘X])osed surface will be nearly doubh'd. The tetnperaiwre 
of the exposed metal inside tin* engiin* cylinder is raised, roughly, in 
proportion to the compression ratio, exce])t that of tin* (‘xhaust 
valve, where the exhaust gases at ndease will be cooler when the 
compression or exjiansion is greater. This increases of temperature 
sets a practical limit to the compression-ratio allowable for higher 
efficiency. 

At the in-cciitre of th<^ compression stroke until slu)rtly after 
explosion, exjierinnmt shows that the h(*at flow is three or four times 
that obtained for the^ mean of the whole (‘X[)ansion strok(*., dej)end- 
iiig upon th(‘ density (jf the mixture. 

Time of Ignition. Thi^ ignition in this eixgine comm(mc(‘S 5° 
Ixdore the in-c.entre, and is completed 10'' to 15" of th(^ crank angle 
after the centres, according to thc^ richm\^s of the; mixtures Retarding 
the ignition n‘duces the total heat loss and altt^rs its distribution, so 
that the exhaust valve rcc’-cn^*s a larger share of the heat, while the 
piston and inlet valv(‘ rect'ive less. 

The r(\sults showm at top of n<‘xt pag(* were obtained with mean 
jacket -tempera! lire 40'' 0., as usual. ^ 
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Ignition 
Hotardod 20” 
of C'rank angle 


Normal 

Ignition 


(jas charge, cubic loot per auction . 

Total lieat-losa (^) Il.Th.U. per minute 

Total heat-loas as ixircontago of total Jieal suppl v" 

Piston temporaturo, at 3-62 in. from centre 

djQ for piston . . . * 

Inlet valve temperature 

OIQ for inlet valve .... 

Temperature at release (exhaust) 

Thermal efficiency, per cent . 


0-1224 
1019 
28 1 
258” C. 
0132 
207” 
0-10 
1200” C. 
28-5 


01218 
1 805 
31-3 
317” C. 
0-151 
255” 
0118 
1000” C. 
34 5 


When tho ignitioTi is n'tardi^d tlii^ (^ngiii(‘ is cooh^r, except the 
exhaust valve, and there is loss of thermal (^liitiency. 

Advancing the ignition, by 10° of crank angle causes an increase 
of temptuatwfe in the engine and greater heat loss. The piston and 
inh^t valve get a larger shares of the heat and thcdr temperatures 
are raised 50° C. 

Missing Ignitions. Several pairs of trials wen*, made, in the first 
of which the engim^ was run on thc^ ordinary load firing every time, 
whiles in the second trial the load was reduced so that ignitions were 
missed ev^^ry other cycle, and the gas cock adjusted to make the 
charge of gas takc^n per suction the same in the two cases. In one 
pair thi^ gas piT suction was 0-128 cub. ft., and, the temperature of 
the enginii being precisely the same in the two eases, the total heat 
rtmioved by the jacket and radiation was 2,030 B.Th. U.per min. at 
full load, and 1 ,103 B.Th.U. per min. at half load ; or 25-2 B.Th.U. 
per explosion at full load and 23-7 B.Th.U. in the half load trial, 
deducting 1 B.Th.U. from each for piston friction, leaves 24-2 
B.Th.U. and 22-7 B.Th.U. per explosion as heat received from the 
gas and removed by the jacket water and radiation. 

Whe^n this (uigine is partially loaded and scavenging, less heat is 
giv(in to th(^ jackets per explosion, because the charge is diluted 
with a grc'ater weight of air left in the ch^arance space, and about 
4 per cent of the gas taken into the cylinder is then discharged 
un burnt. 

In another experiment the- engine was run at fidl load until the 
inner surface's were tlioroughly heated. TJie load was suddenly 
thrown off and the engine motored round witli the gas supply cut 
off, so that it took in, comj)rcssed, and expelled a charge of air 
every eyck*. The rise- in lemperature of the air passing through the 
engine was observed by a thermometer inserted in the exhaust 
pipi'. It was found that the air in the exhaust pipe was 45° C. 
hotter than in the inhit pipe. About *30° C. of tliis rise was due to 
the work done upon the air, leaving 15° C. to represent the heat 
taken by 1 cub. ft. of an* per suction from the metal surfaces,^ and 
the heat required to wawn this air through 15° C. at constant 

23 — ( 5434 ) • 
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pressure is nearly 1/2 B.Th.U. This is the quantity of heat taken up 
by the air passing through the engine in a scavenging stroke, and 
is not more than 5 per cent of the heat received from the hot gases 
during an explosion stroke. The temperatures of the piston, 
exhaust valve, and inlet valve were observed and found to change 
very little during the short time taken to get the temperature of 
the air in the exhaust pipe. 

Pre-ignition. When any part of the surfact^s exposed to the gas 
in the engine cylinder exceeds a certain temperature, spontaneous 
ignition of the charge takes place. In order to produce pre-igjiition, 
an iron bolt, about 4 in. long, was screwed into the exhaust valie 
cover and projected into the centre of the combustion chamber or 
compression space. The bolt carried at the inner end a thermo- 
electric junction, formed by passing a nickel wire down through p. 
hole drilled along the axis of the bolt and brazing it to the iron at 
the projecting end. It was found that the bolt could b(^ raised to 
C. and kept continuously at that temperature without any 
apparent effect on th(‘- working of the engine. The metal tem- 
perature indicated by the thermo-junction would be a little lower 
than the actual gas teinperature which caused ignition. 

Increase of density or compression is found to low(‘r the tem- 
perature of ignition. 

With a gas charge of 0-1265 cub. ft. per suction the temperature 
at the tip of the bolt rose rapidly at lirst and in a few minutes 
attained a steady value about 670° 0. without any (dllct. When 
the gas charge was increased to 0*1282 cub. ft. per suction, about 
1 per cent, the temperature of the bolt rose to 690° C., at which 
ignitons from it occurred occasionally. These ignitions tendc^d to 
become more; frequent and earlier, each raised the bolt ten rqjerat lire 
a few dc^grees, until, at 725° C., they were continuous ; th(j charge 
was fired as soon as it entered the cylinder and the engine pulled 

''P- 

Another bolt was tried, 6 in. long by £ in. diameter, with a screw 
thread cut on it to give greater surface, and th(^ thermo-couple was 
in the centre of thv. flat end. In this case there- was no ignition 
below 730° C., but always occurred at 750° C. The infenuice is 
that a clean metal surface will ignitt‘- the gas mixture when the 
surface temperature is a little abov(^ 700° C., and will not ignite it 
below that temperature. The true ignition temperature of th(.' gas 
mixture is above 740° C. A similar copper bolt caused ignition at 
the same temperature measured by a constantan wire. Possibly 
carbon d(.‘posit tends to lower the ignition temperature. 

The diagrams. Fig. 135, taken with the Hopkinson optical indi- 
cator, show the normal diagram, also pre-ignitions at C. The loss 
of heat was. about 12 B.Th.U. per explosion along CED, after 
explosion while the flame is being compressed, so that the mean 
temperature of the gas at ED was practically constant, although 
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work was being done on it by C/ompression at the expense of the 
energy stored in the fl 3 rwhccl. 

Professor Hopkinson pointed out by I'xperiments on ex])losion in 
a closed cylindrical vessel (p. 35C) that when a mixture of coal gas 



and air is ignited by electric s])ark from one ])oint, and the flame 
has spread complt^tely throughout tin*! vesst^l, the U^nperature of 
the portion lirst ignited is raist^d hy compression, and even in a 
non-conducting v('SS(‘l is very much iugher than the teinperature of 



Fio. lliO. KxrLosu)N or Hicii and Mixti uks 

the gas at a distan(;e. Thus the origin of ignition being at the bolt 
increases the temperature of the gas around it, and raises the tem- 
perature of the pre-igniting point of the bolt itsedf with great 
rapidity during suocessiv#. explosions. 
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Some designs of sparking i)lug, for p[‘trol engines, without 
Hulficdent metal or water cooling to conduct away th(^ heat received 
from explosions, may become overheated and cause persistent pre- 
ignitions in th(^ same way as the overheated bolt, exhaust valve, 
piston head, or patch of carbon deposit. 

The indicator diagrams. Fig. 136, were taken under normal con- 
ditions r)f working, the phase alterc^d through a right angk>, and 
show the ris(^ of ])r(\ssure from the point of ignition P, during 
explosion on a time basis. 

The twie of explosion is the time taken after ignition from the 
moment visible ris(‘ of ])ressure begins until maximum pressure^ is | 



“ ^ 0 - 30-20 -10 0 ^10 +2D*30-*40 
Decrees oF Crank - An^fe, 


Fr(i. 137 . NokVAL I’i{K-i(jnition iNincATon Diackvms 

attained, and measures th(‘ explosivem‘Ss of the mixture*. By the 
diagrain, maximum jiressure was reached from 0 014 io 0-02 sec. 
after ignition at P, according to the strength of the mixture. 

The altered phase indicator diagrams, Fig. 137, show normal 
ignition at P, before thc^ bolt was hot enough to fire the charge, 
and the* ])rf*- -ignitions at CC' by the bolt, indicate the rapid advance 
of ignition as the bolt gi^ts more heated. The shutt(‘r of tlu^ camera 
was oxiened for one*, or two explosions and then closi*-d for five 
exjilosions, until the ignition had advanct'd to O'. 

Pre-ignitions of consid(*rable violence w(*re produced by dropping 
oil on the top of the exhaust valve*, when the. t(‘mperature of the 
valve was only 450° C. The discharge of a good d(‘.al of carbon into 
the exhaust indicated that the (hi was “ iTOck(*d,” or decomposed, 
by contact with the hot metal surface. A mixture of oil with air is 
readily vaporized in contact with the surface of the exhaust valve, 
and if ,f^he temperature is high emough the oil is cracked. Then the 
rapid rate of burning of the hydr(;g(‘n and hydrocarbons from the 
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decomposition of the oil, and their high flame temperature, under 
the comparatively high compression pressure in the gas engine, 
would give rise to detonation and eventually to pre-ignition. The 
familiar noise of the iiK'tallic*, hammer-like blow of detonation heard 
in oil and ])etr()l engines is well known as '' pinking, ’ ever since the 
days of th(^. Priestman oil engine The noise of th(‘ rapid (explosion 
in th(^ engine^ when it was well heated and working at full load, 
especially on paraffin oil find, was at once reduct‘d by a few drops 
of water takin into tin' combustion chambt'r during the* suction 
stroke. In tliis way thc' pre^ -ignitions in thc^ gas engine, due to the? 
oil addc'd, wc're comfdc^tcdy stopped ])y the injc'ction of a small 
quantity of water. 

Th(' tendency of ricdi gas and light paraffin yietrols to de^tonation 
and prc'-ignition in homogeneous chargers is tiie principal factor 
ccmtrolling the (“om})r(\ssion ratio, and both lhc‘ powder output and 
efticienc^y lof any gas or yietrol engines working on the^ ordinary 
t'xplosion cyede. 

Professor Hopkinson carried emt inqiortant experiments* on the 
explosion of mixtures of coal gas and air in a closed vessel, and a 

continuous yihotograjifuc, rvcord was taken e)f the change of tem- 
pc'rature^ at diffeu'ent yioints of the^ vessel by tine platinum wire 
thcTmomedcTs, and on thct same rc'volving drum the yiressure change 
was re^cordcHl by his o])tical indicator (p. 21). The sfircad of the 
flame* through the mixture was trace‘d by the sharp rise of tem- 
yierature* a1. the* various yioints, due to the conversion of the chemical 
energy eif the* fuel into h(‘,at energy. The internal (*nergy of the 
mixture is equal to the* he*at of combustion of the gas used, less the 
heat lost to the* walls of the vc‘sse*l. The maximum prt^ssure is 
attained at oi‘ about the time when the gas is compl(‘tely burned to 
OOa, steam, and inert gas. 

At the* outs(*t careful e*xperiments were made to determine the 
relatiem be*tween the resistance of the loop of about 5 cm. of pure 
platinum wire O-OOl in. eliame*ter and the temperature of the gases. 
The necessary corre*ctions are due to the*, time lag of temperature of 
the wire* behind that of the gases ; also the end effects of conduction 
tc) the steiut copper leads, convection currents of gas, and heat 
radiateel by the platinum wire. 

The cylindrical exyilosion vessel, Fig. 138, was 28-75 in. in length 
by 23-4 in. diaine*ter, ami capacity 6-2 cub. ft . A is the sparking 
point near tlie^ centre, and three thermonu*tc‘rs : B near the spark, 
C 4 in. from one end, and J) 0-4 in. (1 (*ni.) from the other end wall. 
Thermometers w'c*r(* alscr placed at B' and other parts of the vessel 
in many different trials. 

Experiments wau’e nnuh* with oift* mixtun^ 9 of air to 1 of gas, 
and anoth(*r 12 of air to 1 of gas. The C-ambridgr^ coal gas had a 
higher calorilic valm* of (>30 to (189 B.Th.U. per cub. ft. at 0° C. and 

* Pror. H.S., \'ol. 77 a (AoO), p. U87 ; also Engineering, 15th .lime, 1906. 
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760 mm. mercury, and a lower value between 570 and 620 B.Th.U. 
per cub. ft. 


Avkhage Composition or Camijiitij(4e Coal. Gas { Prof . Hopkinson ) 
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By exj)(*rinieiil , 100 voluin(‘.s of gas requin^ 576 volunu's of air 
for com])leie c‘oinl)iistion ; and 100 volumes of gas burned in 900 
volumes of air give about J33 volumes steam, 57 of COg, and 780 
inert gases ; total products, 970 volumes^ That is, a contraction 
of 3 per cent during combustion. 

In making an (‘xp(Timent, stc^am was blown into the explosion 
vessel to saturate^ the air with moisture. The vessel was exliausted 
to 9/lOths atmosph(Tic ])ressure, and coal gas admitted to increase 
the pressure up to atmospheric, giving a riiixtur(‘. of 1 gas to 9 air. 
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Then 4 to 6 hours was allowed for gaseous diffusion of the mixture 
containing 10 per cent of gas at 20° C. 

^ Fig. 139 shows the result of one set of photographic records. 
There were two thernionieter wires, one giving the temperature on 
curve B at the centre near the spark, and the otlier the temperature 
curve at 7), Fig. 138, as far from the spark as possible. Curve A, 
Fig. 139, is the indicated pressure durjng explosion and subsequent 
cooling of tlie burnt j)roducts. 

Fired at atmospheric ])ressure, the fiamt* s]U'oads from the spark 
at the centre at a velocity of 150 cm., or 59 in. per sec., and the 
maximum pr(\ssure from 7(3 to 821b. per scj. in. above atmospheric 



Kic. K.kclosion and Coodtno Citrvics { Hopkinson ) 


is attained in 0-25 st^c. after firing. At B, Fig. 138, the temperature 
ris(‘s almost instantaneously from 20° C. to 1200° C. in less than 
1 /4()th R(‘c., and the combustion at the centre takes place at nearly 
constant pre^ssure and is complete before the pressure, on Fig. 139, 
has risen 21b. j)er sq. in. above atmospheric. The temperature at 
B remains nearly constant during tht) earlier part of the spread of 
the flame, aftcu* which it rises, due to increase of prtjssurc in the 
(explosion vc'ssel shown by curve A, If deduction be made for this 
adiabatic compression, the temperature of th(^ gas had it burnt at 
constant })r(‘ssiiTv would have reached 1250° as seen by th(^ 
dofttnl curv(‘. 

i^joint B' at tlu^ side wall nearest the spark is first reached by 
the llanui. The gas lierc. is ignitt'd when th(^ prf^ssure is about 2 
atmospheres, its tiunperatun* rises instantly to 1300° C., and at 
once begins to fall, and here there i^much loss of heat. 

The temperature by th(^rmometer at i>, Fig. 138, the most distant 
point from the spark, was observed to rise slowly at first, due to 
nearly adiabatic comjwession of the gas in its vicinity 'by the 
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advancing flame. At. the point D', Fig. 139, the pressure by 
curve A has risen to 6 atmospheres (absolute), as in a gas engine, 
and the temperature, due to this compression of the unburnt gas 
at D, is 200° C. The flame now reaches this wire and there is a 
sharp rise in temperatun^ to 1300° C., without any further rise of 
temperature, the prt'ssure being at its maximum, and there is little 
or no adiabatic, compression of the gas at this point after ignition. 

The explosion vessel is (completely filled with flamte and is losing 
heat to every part of it when the pressunc rc'aches 70 lb. per sq. in., 
and the maximum pressure 82 lb. ptT sq. in., is attained in Icvss than 
1 /30 sec. aft(‘r comj)l(de inflammation. j 

At a lai(T stag(‘ of th(^ (‘xplosion, adial)atie. compression of thel 
burnt gas at tlu* centre' of the vessel rais('s the t(‘mj)erat ur(% and thc\ 
platinum Avire at H is melted Avhen the })r(\ssure is (i atmosphc'resl 
(absolute). At this tem])erature tlie platinum Avin^ radiati's heat \ 
rapidly, and it must haA^e bt'en ri'ceiving heat at a similar rate' from \ 
the gas, whic'h is considerably hotter than tlii' Aviri'. hS'orn ('Xperi- ' 
ment on wires of different sizes, Profc'S.sor Jloj)kinson calculated the 
temperature of the gases, about 1900° 0. 

Since the gas can lose no heat by radiation aftcu* th(‘ flame has 
once passed th(^ AAirc, any aftt^r-combustion would Ix' (‘vich'iit in a 
rise of temperature gr(‘at(T than that to b(‘ ex|)e(‘t(‘d from the 
compression. The exj)erim(mt, therefore, i')rov(‘s that, in a mixture, 
of this stnmgth, combustion at any ])oint is coni])l(‘tt‘, within 4 pcT 
cent, ] /40 si^e. after it is startc'd, and that the proc('SS maylbe taken 
as coniphde, for practical })urp(m\s, in 1/30 sec. In other Avords, 

“ after-burning ” cannot alTt^t the^ pluMiomena of th(' gas (‘ngine 
unless the speed is abnormally liigli. 

Professor Hopkinson concludes that the combustion is evorvAvhen* 
complete at the time of maximum pressure ; also, taken togcdluT, 
the two temperature records show that 1/30 sec. aftc'r maximum 
pressure, the gas is a mixture of CXlo, steam, and inert gas, in 
chemical equilibrium in the vessel, except pc'rhaj^s wry close to tlui 
walls. At the moment of maximum pressure the diMributioii of 
temperature is, roughly, as folloAvs^ — 

Mean temperature (inferred from pressure) .... lOOO'^C. 

Temperature at oontre of vessel near the spark, thermometer B lOOtr i'. 

Temperature, at 10 ern. (4 in.) within the wall, thermometer 17U0° C. 

Temperature I em. (()-4 m.) from ond wall, thermometer I) . J 100^ to J 300° 

Temperature 1 em (0-4 in.) from tlie wall at tlio side . 850° 

Half a second after rnaxiinuni ]m'ssur(* the (listrihution of tem- 
perature, dn(‘ to th(‘ motion of the gassed up by ihi* (*xplosion and 
corivc^ction (‘urrents, is-— 

Mean temjierature (eale.nlated from tlie pn^ssure) . 1 100“ ('. 

Mean nanjierature, exclusive of layer 1 em. thick al walls. 1100“ 

Tempc’irature at eeiit re of ves.sel .... 1 100° to 1200° (j. 
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If the vessel were impervious to hi'at, the portion of the mixture 
at the centre would he hotter than the outer portions by 500” C. 
when the combustion of the whole mixture was complete. 

The mass of the gas during cooling may bo described as a hot 
centre cor(^ in which the temperature is fairly uniform, surrounded 
by a thin layer wherein the t(^mpt>ratiire falls to that of the walls. 
If this layer is i cm. thick, and the ^Irop of temperature uniform, 
the mean ti'inperature. inferred from the pressure would be 60” C. 
below the hot core — ^the value actually observed. 

Specific Heat, Assuming loss by radiation from the flame about 
15 per cent of th(^ heat of combustion, as observed by Professor 
(^allendar for a Bunsen flame, them, in compressing the products of 
c-ombnstion at the centre of the vessel from 1 atmosphere to 6-5, the 
temperature, rises from 1200” to 1900” C., so that their average 
ca])acitv for heat, is 1-3 times that of air. Sin(‘o, in adiabatic com- 

prtvssion, the absolute temperature varies as p y it follows that 


th(‘/ average value of 


r 


- 1 
y 


is about 0-2 for these gases, and (the ratio 


of the specitic heats) is 1-25 for temperatures between 1200° and 
1900° C. If the ordinary gas law holds for the mixture, the mean 
sf)ecific heat at constant volume, between 1200° and 1900° (?., is 
30 ft. -11), per cTib ft., or 1-5 times as great as at ordinary tem- 
pt^ratures. There is uncertainty as to th(‘ loss of ht^at by radiation 
from till' out(‘r surface of the advancing flame. In ord(*r to eliminate 
most, of th(‘ radiation, this gas mixture was burned inwards and 
the averagi' s]3(‘cific hc^at at constant ])ressur(^ of tlu'. burnt products 
be^twec'ii tlu^ ordinary t(un])(Tat ure and 13(K)° 0. would appear to be 
about 331 ft. -lb. pvr (‘ub. ft., or 25-4 ft. -lb. at constant volume. 

Before' explosion, the gas and air were saturated with moisture at 
20° 0. and 14-7 lb. p(‘r sq. in., and the products of the combustion 
of ] cub. ft. of gas and 9 of air calculatc'd to consist of — 



Cnb. ft. 

Per cent 

Carbonic acid (CO 2 ) 

0-56 

- 6-78 

Steam (HoO) 

1-53 

... 16-79 

Nitrogen an(i Oxypen (N and ()) 

7-00 

- 78-43 

Toi at 

9-00 

100-00 


Assuming that tlu* and HgO occupy their molecular volumes. 

In th(' explosion of the ircak niixfvre, with 12 volumes of air to 1 of 
gas, containing 7-7 per c‘eiit of coal gas, tin' maximum pressure 50 lb. 
per sq.in. abovt^ atmospheric is attained about 2-5 sec. after the 
spark. The ttunpt'ra.tun' of a uire (^os(' to the spark rises in 0 07 
sec. to 1000° (^, and then remains steady for some* time. About 
1 sec. after ignition, and while the ])ressure is less than 10 lb. above 
atmos])lu‘rie., tlu' u])per li«lf of the vessel is lilh'd with burn! gas, 
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which is in contact with and losing heat to the upper walls. In the 
lower parts of the vessel the gas is still unburnt. A wire placed 
15 cm. (5-9 in.) vertically below the spark, shows a gradual rise of 
temperature to 210° C. by adiabatic compression during more than 
2 sec., followed by a sudden rise in 1/10 sec. to 1300° C., due to 
ignition. 

In all the expc^rimcnts, complete inflammation of the gas, even in 
the weakest mixtures, is nearly simultaneous with th(^ attainment of 
maximum pressure, and combustion, when once started, at any 
point is almost instantaneously complete. With the'. 12 of air to I 
1 of gas mixtur(‘., it is safe to assume that J sec. aftiT maximum | 
pr(\ssure, whem loss of ])ressure by cooling is still less than 5 per^ 
cent, there is ])r(\s(mt in lh(^ eylindt^r a mixture of CO.^, steam, and 
inert gas in chemical equilibrium. In the inixtun'. 0 of air to 1 of 
gas this state is reached very much sooner, since tlu* flame travels 
in this about 10 times as fast as in th('. 12 to 1 of gas mixture. With \ 
the latter the cfT(*ct of conuacMon currmts is important from the 
outset. 

The heat produc(‘d by burning a eubk; foot of tlu; gas in a oalori- 
metcu’ and cooling the products to 20° C. is 020 B.Th.U. Tlu‘ heat 
produced by condensation of the stc^am formed is 00 B.Th.U. If 
th(' cooling wia'e slopped at 55° 0., the iK't heat obtained is 550 
B.Th.U., about 10 B.Th.U. being due to cooling the gases from 
55° to 20° C. Deduct 15 ])(‘.r cemt Joss by radiation from tly surface 
of the flame and then^ remain about 470 B.Th.U., as The heat 
evolved in cooling the products of tho (^x})losion of 1 cub. ft. of gas 
and 9 of air at constant pressure from 1230° to 55° 0. The same 
volume of air cooled through the sanu^ rang(^ would evolve 370 
B.Th.U. Thu.s the av(3rage volumetric specific heat of thcj products 
is, roughly, 1*3 times that of air. 

In a research by Professor Watson on combustion in the petiol 
engine cylinder, the engine used had compression x^i’t^ssuro 601b. 
per sq. in. and ran at speeds from 700 to 900 r.p.m. 

The progress of combustion was observed through a quartz glass 
udndow in the combustion hc^ad. In this way the colour of the 
ex'plosion flame, as seen directly, appe^ared to chang(3 with the 
mixture strength, as in a Bunsen flame. At any j)oint in the 
exiflosion stroke a rotating disk, with a ptTforated s(‘(3tor slit, was 
made to uncover the window and expo.se it to the collimator of a 
spectroscope, and gave a line spectrum of the (‘XX)losioii flame. 

It was notic(3d that, in ord(*r for maximum })r(\ssuro with normal 
mixtures, as shown by the indicator didgram, to occur at or very 
shortly after the dead e.entre end of th(3 comj)resHion stroke, the 
ignition spark must pass at a crank angle of 40° btflore the dead 
centre ; and ‘the actual i)eriod of (combustion was 0 01 to 0 01 8 
sec. gfter firing. The pcjint of inaxirnum intensity of combustion 
was nearly always either just before that of maximum pressure or 
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coincident with it, the difference being less than 10° crank angle 
or 0-002 sec. 

The period of combustion for very weak mixtures was 0-025 sec., 
but burning continued to th('. end of the exhaust stroke, and wlien 
the inlet opem-d the fr(‘sh (charge was ignited in tlu^ indu(‘tiou piytc 
causing “ poyjping back ’’ in the earbun^ttor, v/ell -known to motorists 
as a sign of too w(^ak a mixture. In tliis case the indie itor diagram, 
Fig. 140, becomes quit(^ flat. 

Throttling the charge also nniuces the*- compnvssiori pressure and 
the rate of combustion. 

Obviously, the rate at which flame spn'ads in a homogeneous 
combustible Tuixtun^ d(‘pends on the compression pressure b(‘fore 
ignition, as w(‘ll as on th(‘ nature of th(‘ fuel and the richness or 
proportion of find to air in the mixture. Tlu^ rate of burning is 
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retarded by increasing th(' proportion of cool residual products or 
inert diluent added to th(* jnixture. The inert gases low(‘r the 
flame temjFcratiire during combustion, and therefore n^duce (1 ) the 
loss of heat to the cylinder walls, and (2) the specific heat of the 
gases. 

It is found, by ex])losions in closed vessels, that tlu‘ maximum 
flame velocity occurs when there is an excess of hydrogen, coal gas 
or petrol vapour above that required for th(^ true exyjlosiv(‘- mixture 
with air or oxygen to give complete combustion. 

Also, in actual practict*, maximum power is obtaim-d with fuiis 
such as petrol and benzol when the mixture strength in the engine 
cylindiT is 20 pt^r cent greater than that required for complete 
combustion. 

Effect of Turbulence. The turbulence of an explosive mixture, 
in a closed vessel, produced by a little fan drivem at high speed, 
before ignition, causers the flame to sju’ead more quickly than wiien 
the mixture is ignited at rest, and the maximum pressure attained 
is also increased. In cooling, the hot gas, wlien key)t in circulation 
by the fan, the rat(" of iransfer of heat to the cold w'^alls is t^o or 
three times greater than A^hen the gas is stagnant. 



354 


APPLIED THERMODYNAMICS 

Sir Dugald OliTk made' some oxp(‘riments* on turbulence in a gas 
engine. The indicator diagnim AB, Fig. 141, was taken from the 
engine working as usual, giving the time of explosion 0-037 sec. 

an arrangcunenl', the nc^xt explosive charge was not fired after 
the first (‘oinpression stroke, but the valves wctc closed and the 
turbulence- allowed to subside before the ignition spark was 
passed aftc-r tlie third suc(;<-ssive eompression stroke, givnng slow 
and ]n-ok)nged cojubustion during 0 002 sec., as indicated by the 
diagram A'B'. 

Indicator diagrams, from gas and pi-trol (-ngines, show that the 
rate of flame ])ropagati()n in the cylinch-r varies from about 35 to 
100 ft. per s(‘(^, due to turbulence of the incoming charge. In ^ 
gas engine running at 120r]i.m. on the four-stroke cycle, the\ 
suction strokt o-s 0-25 .sec , and during this time the average' 

va-h)citv of tln^ gast*s tliroiigh the 
inlet valv(‘ is 100ft,])er sec., and 
the linn- of (-xplosion about 1 /30 
sec. In an ordinary pc-trol engine 
running at 1,200 r.]).ni., the avtu‘- 
age V(‘loeity of the charg(’‘ through 
the inlet valves, 100 to 130 ft. 
])er see., or (-ven higlu-r, produces 
great turbuh-m c- within tin- cylin- 
der, which continues during the 
eompre.s.sion stroke ami tc-nds to 
spr(*ad tin- flame unifonnly and 
rapidly throughout the charge luring tin- time of (-x})losion, about 
1/120 sec. 

Further, turbulence appi-ars to be oru- of the prineii)al factors 
rende-ring ])o.ssibl(‘ the very high speeds over 2,400 r.p.m. in the 
modern small petrol engine, so that the highest thermal eflieit-ncy 
is obtaim*d with small cylinders. Moreover, exjierinu-nts by Pro- 
fessor Ho]ikinson show^ that the rati* of hi-at loss through the 
cylind(*r walls incri-a.si-s with tin* higher s})(^ed of the gasi-s, by the 
scrubbing or scouring effect, swa^eping aw ay the stagnant layer of 
gas adhi'iing t-o the cylinder walls, and the incn-asi-d eonvi-ction 
j)roduc(*s gn^ater lieat flow , which countc-rbalancc-s the- shorter time 
intervals of ('ontact, so that a larg(‘r propoition of tin* mixture is 
burnt (jui(‘kly and (*flici(‘ntly, and, l)y speeding up tin* propagation 
of the flaim*, advantage is taki*n of heat devi-loped i-arly in the 
stroke by great(‘r expansion, rather than f)y slow and incomplete 
burning of w'(*ak mixtun-s, which coni nun s until the (-xhaust valve 
opens. He found, in the gas engirn* at 120 i-.]).m., the heat loss 
through the cyliruk-r walls fras, roughly, 30 per cH-nt of the total 
heat of the* gas. \V}u*n the sp(‘(‘d of tin* engiin* was doubled, the 
burning gases remaiin-d in contact with the cylinder walls only 

* Jicytori of (Uitico'iifi E^jiIomiohh Coimnila (\ Tii ilt. Assor., 1912. 
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half the time, and yet the heat loss to the walls was about the same 
as at half the speed. 

Piston Temperature. Professor A. H. Clibson moasur('.d the 
piston temperatures* in various high-speed petrol engines under 
full load conditions by an ingenious device for taking observations, 
and deduced the heat flow by the melliod of cooling curves. 

In each case the engine was kept ru^^ning during 5 hours before 
making a tt-ist with a new piston or after cleaning an old piston. 
Experiment showed that the pistons of small engines attained a 
steady temperature af ttu‘ running 5 min. on full load, so that nit^.asure- 
rneiits were made 15 min. after starting tln^ enginii. Professor 
Gibson could stop the engine suddenly, turn the flywheel until the 
piston was on the top dt'ad (icntre, and through a iiole in the sparking 
plug boss, quickly insc'rt th(^ y)oint of the thermo-couple in dimple 
holi‘S prepared in the piston, and take th(i observatkm within 10 sec. 
after stopping the' engine. Fin(>! lines wer('< Jiiarked on the stem of 
the therm()-coupl(‘, and when any one of these was Hush with the 
outside of the sparking plug boss, the f)oint of the thermo-couple 
was ill the hole at tlu* corrcH't- radius ni the piston crown. 

It was found that an (‘Xperirnent (‘ould iiqiL^atcMl under similar 
conditions, and tJic fluctuation of tem[)erature was not nlo^c^ than 
_i: 5' (1. If at the instant of measuring a temj)erature of 220'" C. 
was indicated, tliat ])oint in th(‘ piston was never hotter than 
225"" or cooler than 215'" G throughout the e 3 "clt‘. In ahiininium 
pistons of 4 or 5 in diaiiud-er, the (Irop of bnnperaturc* through the 
piston h(‘ad was about 20" (t, so that tln^ im^an mental ti'inpiu’ature 
was not mon^ than 10" Ct lowei’ than the surface temperature at 
any particular point, since tiie alu minium alloys are good con- 
ductors of heat. Tile pistons were mad(" of various aluminium 
alloys. Only three are given hvw, and their ineasurcMl conductivities 
in the cliill cast state at 200" ( \ are as follows — 


Alloy 

I’crcciitage ('oinj)osil loii (approx.) | 

Conductivity 

1 



. . . 



Al. 

C’upjX'r 

Tm i 

I 1 

i 

1 

1 

(\(5.vS. Units 

B 4 

91 

i 

1 

Zinc 1 

0-40 

11 24 

93 5 

4 


Iron 2, Mjr. 0 5 

U-38 

B IS 

89-5 

S 

If) 

Mil. 1 

0 27 

iron 





Oil 


One, seri(‘s of ti'sts was mfide on an air-cooled aluminium cylinder, 
100 mm. (3 037 in.) bore by 140 mm. (5*51 in.) stroke, in order to 
determine the effects of a variatioft in : (1) Piston clearance ; 

(2) material and design of the piston ; (3) bearing area ; (4) the 

* Proc. Inst. Mech. E.^ Jauimry, 11)26 ; soo also Advisory Comrnit'tee for 
Aeronautics, L.A.S.C. Roport»No. 13, (May, 1918). 
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working mixture ; (5) compression ratio ; and (6) the spark advance 
These tests were carried out under full throttle, full load, and, 
except (4), the petrol flow was adjusted to the weakest mixture 
capable of giving full load at 1,800 r.p.m. 

Piston temperatures were measured at the centre and at radii of 
0*5, 1-0, and 1-5 in. along a line from the centre to the spare sparking 
plug position at the back of the cylinder, on the side remote from 
the cooling blast, and consequently at the hottest side of the 
cylinder. On this account, the hottest point of the piston is not 
at the centre, as with cylinder walls of uniform temperature, but 
at a point about 0-4 in. from the centre nearer the hottest wall. Thc^ 
temi)erature of the cylinder wall was measured at four points down\ 
the back of tlu; cylind(T. \ 

Effect of Piston Clearance. Piston 99-5 mm. (3-9175 in.) skirt! 
diameter, was first testc'd with a clearance (cold) of 0-024 in., it \ 
was then tiiriK'd doA\Ti to a smaller diamett'r, giving a clearance \ 
0-045 in. and again tested. 1"he results are given in tests (1) and 
(2) of Table I ; tln^ effect of the increased clearance is to increase 
the drop in temperature between the edge of th6‘, piston crown and 
the cylinder wall by 29° 0.— from 27° C. to 56° 0. Both the piston 
and cylinder Avail arc slightly hotter. The results indicate that the 
skirt clearance should be reduced to the safe limit found by experi- 
ence in order to obviate the “ slap ” of the piston. On the other 
hand, if the clearance is made too small there is the r^k of the 
piston tearing and seizing. In aiu-o engines of diameters up to 8 in., 
the skirt clearances werci about 0-0025 in. p(‘r inch of diaiiK^ter. 

It w^as stated that one linn obtaim'd satisfac^tory w^orking by 
allowing a skirt clearance of 0-014 in an aluminium piston of 17 in. 
diameter having three piston -rings, with floating gudgeon-pin to 
prevent di.stortion of the piston and assist uniform lubrication 
all round it. The d(\sign of piston-rings is important. It is 
essential to allows suffici(‘nt space at the* joints to avoid butting 
together and eventually seizure. On a 12-in. aluminium piston the 
ring is not more than g in. wide, and very little wider for larger 
diameters. An aluminium y)iston of 141 in. diameUr gave satisfaction 
at speeds up to 380 r.p.m. under arduous conditions at sea for several 
years. 

Three piston designs, A, G and I) of the- saim- alloy 7?4, Aveu-e com- 
pared, of thickn(‘ss at the crown 4-0, 6-5, and 6*5 mm. resj)ectively, 
and mean diam(-ter at top land.s 3-9085, 3-9075, and 3-9125 in. It 
appears from tests 1 , 6 and 4 that the riblc'.ss, holloAV' crown piston 
Aj Avith three rings, is about 30° C. code? than the lighter piston (?, 
gave good contact with the rings, and was the bc'-st piston. The 
riblcss design is also readily adapted to variation of thickness of 
metal ac cording to the amount of h(‘at flow. 

The bearing area of piston B was rt^duced 4 sq. in. to by 
drilling 30 holes in the) skirt, the normal piston having the total 
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peripheral contact ari'a 33-4 in. The result, shown by tests 3 
and 8, w^as that the ternpcTaturci of the piston was increased ; and 
the temperature drop b(‘tween the piston crown and cylinder was 
increased from 2()“ to 39“ C. The conclusion is that it does not 
pay to save weight by reducing the bearing area of the skirt by 
which there is a considerable transfer of heat to the cylinder 
wall. 

Variation in the Material of the Piston. The pistons A and B 
were cast from the same patterns, and D, E w^ere also identical in 
design. The results of tests 1, 3, 4 and 5 show little difference in 
the temperatures, except that of the ihston E, which is about 20° C. 
hotter than the others at tht^ centres This higher temperature is 
caused by the lower condiudivity of the alloy in E. TIk^ ratio of 
the conductivities of the alloys B4 and Z? 18, in the pistons D and E 
is 1*34, but the ratio of the temperatun^ gradients is 1-30. In 
similar pistons th(‘ tiunperature gradient along a radius should be 
inversc^ly proportional to the conductivity of the alloy. The heat 
flow through the ribbed metal evidently alti^rs the temjierature 
gradient, since the h(‘at flows by (conduction through tine ribs and 
skirt to the bottom, which is e-oolt‘d by oil splash. 

The comparison of cast iron and aluminium alloy pisttms, G and 
K, is shown in t(‘sts (i and 7 (Table I). The jiistons w(‘r(‘ of the 
same general type, but not of identical dt'sign. The thickness of 
the crown in G was ()-5 mm., and in K 3-0 intn., and th(*ir|Weights 
w^erc 1 •202 lb. and 1*770 lb. ncspc'ctively. The maximuin tem- 
perature in th(c cast iron is lucarly 200° C. high(U’ than that of the 
aluminium piston, and the difference* betwec'U tin* hottest ])oint and 
the edge is 210° C. in cast iron and only 54° 0. in tlu^ alloy. The 
cast iron clearance at tlui nu;an working t(*inperatures is only 
0*0003 in. greater, with the same wall temperature*, so that the 
drop betw^een tlu^ piston edge and wall is 64° C. with tluj cast iron, 
and 28° C, with the aluminium piston. The alloy piston gives 6 per 
cent jnore power on 8 j^er cent less j^ctrol pi*r horse-jiower hour. 
On the other hand, a cast-iron piston in a motor-car (‘iigint*, running 
on partly closed throttle, would be more (efficient than an aluminium 
piston, b(*cause the hotteu' pist(m would raise the temptu’ature of 
the chargt; in th(^ cylinder during thci compression strokes 

In experimtmts on a small high-spru'd engine, of about 4 in. 
diameter, with cooling w ater and aniline in tin* jackets over a range 
of jacket tompi'ratures from 40° C. to 230° C., the bcjst r(\sults were 
obtained at abcjut 130° C. 

By increasing the*, compression ratio with a maximum load mixture 
at constant spiked, less heat appears to bci transfe^rrt^d to the piston 
from the gases in tests A, B, CVand D (Table II). 

Tests B and C wdth aluminium piston, also G and H with east- 
iron piston, give clearly the cooling effect of a very strong petrol 
mixtufe on the temperature of the pistrn. The other tests in 
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Table II show that the weakest mixture capable of giving maximum 
power output also gives the highest piston temperature. 

In a series of tests with the weakest mixture for maximum load, 
increase of the compression ratio from 4-6 to 5-8, so as not to reach 
detonation compression, reduces the mt.an tempt*rature of cylinder 
wall by 26° C. at the top and 20° C. at the bottom of the barrel ; 
while the petrol consumption falls frr^m 0-586 to 0-525 pints per 
brake horse-power hour, and the brake mean effecitive pressure 
increases from 116-2 to 125 lb. Evidently a larger proportion of the 
heat of (Jombustion is converted into us(d‘ul work, li-saving less heat 
to be lost to the cylinder walls and piston. 


TABLE 11 

Besui.ts of Tests on the same Aeemtnium Ath-Cooeed C vein her 
{Professor Gibson) 


IMston 

T(>st 

i (Join- 
pic.ssion 
llatio 

S]U'od 
r p.in 

Brake 
M.K.P. 
U) /.sii in 

Brake 

IT.P 

PuitS ])(M 
B.lll* 
Hour 

Tenipeiatiire 
Centre of 
PisUin 

l)eK C. 

M(“-an 

Temperature 
ot back wall 
of Cylinder 
Deg. C. 



4 0 

1800 

113 

17-4 

0 ft 1.5 

214 

150 

Alu- 

nnnium 


5 1 

1800 

1 19 

18-2 

0-ft20 

213 

150 


51 

1 800 

lift 

17 8 

0-8ft0 

19ft 

141 


5 3 

1800 

117 

17 9 

O-ftOf) 

19.5 

151 


' 1<J 

5 3 

liOOO 

111 

18*9 

0-505 

202 

1 59 


{ r 

4 C. 

1800 

J09 

l« 5 

0 043 

35ft 

1 55 

Cast iron 


4 (5 

1800 

110 

1ft 0 

0-075 

380 

155 


) If 

4 0 

1800 

109 

1ft 5 

0 795 

33ft 

141 


In ordinary ])ractL('(% as tht' sfiark is advanced in a petrol engine 
to a (^cTtain j)C)int, so as to avoid di'tonation and -ignition, the 
})ower output and cffichuicy of the engim^ ar(^ inenaised ; the tem- 
[)t‘rature of th(' (‘xliaust valv(i is reduced, while more of the heat 
dt‘VC‘l()])ed in lh('. cylinder head is eoiiverted into work, and this, 
with tilt' cooler exhaust valve, ap])ears to kt't'p down the tem- 
j)erature of the piston and walls, 'fhe results of tests 9 to 11, in 
Tables T, show the- marked increase in power and t^conojuy of fuel 
by the spark advance from 18° to 48°, and, at 35" advance,' the 
lowest tejn])crature is attaint'd on an aluminiujii 2 )iston'having a 
thin crown, the engine sjieed being 1,800 r. p in. The highest piston 
temperature is obtained with the minimu'm sj)ark advance 18°. 

rroft\ssor (libson also carried out tests to determine the distribu- 
tion of te^nperature down the skirt of the aluminium piston in a 5 in. 
by 5 in. air-coolt'd (lylLnder, with a compression ratio of 5, at a 
sj)eed of 1,700 r.p.m. 

lliti (learancn of the; ])isUm (cold) varied from 0-045 in. over the 
to]) lands to 0-035 in. over the bottom lands, and 0-025 in. over the 
piston skirt. The mt^an tempt>ratii!*e of the cylinder wall was 
197° C., and at tht^ edge of the jiiston head about 250°"C., so that the 
drop across the oil gap was 53° C. At this point, the mean tem- 
perature of the skirt wasp 222° C., and the ditference between the 

24— (5434) * 
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mean wall temperature and that of th(^ wkirt was 25"’ C. at this part 
of the wall. The temperature of the piston skirt at 3*5 in. from 
the top of the piston was 168° C. 

Tests'^ on Aluminuim Pistons in a Water-Cooled V Aero-Engine 
having eight cylinders of 120 mm. (4-72 in.) bore by 180 mm. 
(7-09 in.) stroke and compression ratio 5 06. The water-jacket 
casing was of aluminium, into whi(^h a steel liner Avas screwed. After 
a short run there was often bad contact between the up})er end of 
the liner and its aluminium backing. That was made worse by the 
sparking plugs being fitted into ferrules screwed through the ahi- 
minium easing and them into the steel liner. In the cas(5 of some 
cylinders whidi gave trouble from burnt ]ustons, when afterwards 
cut open, the ser(‘wing in of the ferruk‘S had forced the liner out of 
contact with tlu' easing, which soon (^aus(‘d tlu' lint'r to become 
abnorjnally Ju'ated. \ 

Two of the cylinders of the (‘ngin(‘ t(%st('rl liad pr(‘viously burim 
pistons. 

Professor Gibson mt‘asiired the temperatures of tlu‘ cylinder lintTs 
by thermo-couples and found that, nndc'r normal running con- 
ditions, in these* two tlu* liners Ava*r(‘ 66° G. liottt*!’ than those in the 
other cylinders, at 1 in. below the Icac*! of tlu* j)iston crown wlu*n 
at the inner dead c(‘ntrt‘. H and C denote tlu^ hott('st and coolest 
cylinders. 

Temperatures were determined by the cooling ciu'vcf m(*thod at 
the centre of the j)iston and at a ])oint jin. from the edge^, in line 
with the sparking plug hole adjacent to this sidi* of tlu^ ])i8ton. 
With the engiiK*- output 189B.H.P. at 1 ,886 r.i).m., and the outlet 
cooling water 62° V., the temi)erature at tlu* ('dg(* of tlu* j)iston H 
is about 270° C. nean*st tlu^ sparking plug, and 226° Avlu*n the plug 
is at the o]iposite side of the (*yliTuh*r. This ehangi* in position of 
tlu! sparking })lug changi‘s tlie temperature of the to[) of tbc cylinder 
liner from 222° to 173° (^, so that the dif¥ert*nce in t(*mf)erature 
between the cylinder Avail and piston at 1 in. below tlu* piston crown 
is 48° C. At 3-3 in. beloAV the level of the crown Ihe dif]‘er(‘-iice, varies 
from 92° nearest the plug to 85° (!. A\'ith the |)lug on the ojiposite 
side. Tlui temperature at the centre of the piston is in (‘ach case 
low(‘r than at tht* t*dge under th(^ sparking plug, and has a mean 
value 242° V., but tlu* (*dgc tenijierature changes from 226° to 275°, 
or a mean A'^alue 247° C!. This indicates that, with a uniforndy hot 
liner, the tein])erature Avould be constant ov(*r the piston crown, 
and tends to show that tlu* ])iston (-ooling is mainly due to oil splash, 
AA'hich is ex(;essive in this engine. * 

The results of thc^ tests indicate that, und(*r normal wcuking con- 
ditions, using two sparking f)lugs, the mean edg(^ temperature of 
piston H is 265° C., and that of the liner 196° (^, giving a droyj of 
75° C. across the oil film at the edge of the piston crown, with a 
* Advisory Committee for A<*.roiiiuiii(*.s, L.A.8.C. Kojiort No. IJi (May, 1918). 
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piston cloaranco of 0’06 in. at the* top lands. Tlnni tho rcMnarkable 
difference between th(^ temperature of tlie lincu- and that of the 
cooling water is 180^^ (J. in cylinder H and 120" C. in cylinder C ; 
while at 3-3 in. from the cromi level the diffcurnces are 130° C. and 
80° C., with the mean skirt clearance^ 0-017 in. 

The top land clearance 0-06 in. admits thf^ Jiot gases betwt^en the 
piston crown and cylinder walls, increasing tln^ temperature of both ; 
a solid layer of carbon was depositc^d, and this is a bad thermal 
conductor. Two pistons were made, having th(‘ top clearance 
reduced to 0-025 in. Then the mc^an results of tests wt'i'i' : 194 
B.H.P. at 1,920 r.p.m., piston edge 218° (J., liner mean 152° (J.,and 
cooling water 67° (Vnnjmring similar tests with th(‘ largc^r clear- 
ance, the difTerence of tcnpicratun* bctw(‘(‘n th(‘- etlg(^ of jlston and 
the liner was n'diic^'d from 8,')° C’. to 66° C\ 

The burning of small aluminium pistons invariably takers place at 
the j)erij)hery and not at the centr(% whc'R' large pistons are burned 
through, dui‘ probably to a ])orous casting and cxc(‘ssiv(^ tem- 
pc^rature. VVhem j)iston tt'inpcu'atures are nu^asurc^d undi‘r normal 
working conditions, the jnaximum tcmpeiaturc^ obs(‘rved is not 
nearly high enough to i)roduc(' burning. 

Professor Cibson ][)oints (uit : (1) A burnt ].)iston is always one in 
which the clearance' bc'twecn the cylimh'r wall and the piston over 
the to]) land is (‘xccssive. (2) With only oiu' sparking })lug the 
great majority of failure's take' plae*(‘ at a ])()int on the dianieter 
o])posite' the ])lug, while' with two f)lugs tlu^y take^ places on the 
diamete'r joining the' plugs anel unele'ine'ath e)ne' ])lug e)r the other, 
A\he‘re' the' ])iston is }lott(^st. (3) The' tcnde'iu'v to burn a|)])L'ars to 
be greatc'st in cylinde'rs iitte'el with iiie lincel sparking plugs. (4) These 
fae-tors ma\ ceintribute' to incre'ase the loe-al tem])eraturc, e'lthe'r of 
])iston en cylinele'r wall, te) a peunt at wide h loe'al brcakelown e)f 
lubricatieui is ])re)duce‘el anel the' ve'iy thin e)il him elcslreycel, after 
which the' frictiem or abrasiem of the' ])iston against the cylinde^T 
wall i)re)due'e's a te'injic'rature' sidtie ie'iitlv high to burn the' aluminium 
alle)y. 

JVIost e ases e)f burning have' taken ])lae‘e on engines in whieli the 
supply e)f lubricant te) the e*ylinder was insulfielent. IVlore'ovcr, the' 
burne'el j)iste)ns fre)m threH' diflere'nt types e)f engine's by three 
manufae ture'is, she)\\' that in 95 ])cr e*e'nt of the'in the' burning 
took phie^e' on the eelge e)f the', piston in a dianu'ter at right angles 
te) the' gudge'e)!! pin, just where the' e'ontact pre'ssurc woulel bi' 
greatest. 

Cyclical Fluctuations of Temperature in the Surface of a Piston. 

On the assumption that (1) the we)rkyig fluiel in e'e)ntact with the 
medal has a cye;lical fluctuation of i J (-) the he'atdransmission 

from the gas to the* ine'tal is elirectly proportie)nal te) their elifference 
of temperatuie ; anel (3) that this preidue'cs a simple' harmonic 
fluctuation of teinpe'iature'* in the metal, it may be* showm tlpit, in 
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thp ease, of a large flat surface', the value of a, the semi-amplitude of 
the fluctuation of surface temperature, is given by the expression ^ 

„ approximately . ■ ■ • (^) 

V2nnpsk 

when e' the receptivity, is p'latively small, that is, the amount of 
heat transmitted^ from' the gas to the surface per area pex 

second, per d.-gree diff.'reiiee of temperature /""J 

gas • when' n is the number of explosions per second , p is 1|h^ 
Lnsity of the metal ; s the specific heat of the metal ; and fc,its 

thermal l ondiiclivity . 

1 

variatioi/of smfaec' temperature is pef sSo!!!" 

square root of the ^ 

If one engine was runimig at I,m) i -p.m. aim ‘'ikhu 

iLta nimtag »t aewra,.,,.,. U,.- 


Thus oc /- for a piston of given material ; that is, tbe 

'’A 


/2000 

20(» 


VlO, 


perature in the slow sjieed engine would be. 

rniivhlv threi- times greater than at the higher spei'd. 

Tm .si n le ass . motion (2) cannot hold, under (he ••omplex con- 

to the fourth power of the k-niperatme , ling 

tinuoiis variations of density, tempi la im , < , *.,i surface by 

. ■ Vw.if flow from the ffiis to th(‘ mrtiil uy 

to increase the h. at ^ i,t.,.n is losing 

=S£SS'-i£“s:-;-: 

3r,:rir.:r:;:-s li::: HSis 

|£Sa=HiSe2S 

_eJ('ri-7’„)*-(^2-'fo)*l . . (2) 

^ * 2 V 27771 pf^h 

Clerk, The (to. Petrol, and Oil Engine., Vol. 1 (IHOO), pp- 204-207. 
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where T^ ~ maximum temperature of the gas 
Tg = minimum temperature of the gas 
Tq = mi'an tempt', ratun^ of the mental surface 
eT^ ~ h ~ heat transmitted per unit area per setumd, from 
gas to surface. 

The value of e de})ends on the tcnij)Lrature and density of tlie 
hot gases and on tht'ir velocity ov(*r tlu*,tjrietal siirfac,e. An approxi- 
mation to its value may bi', deduc.t'd from moasurtMUtmts of piston 
tempi*ratur('S, for if the tempt*ratur(^ graditmt across the fact' of a 
piston is Imown, the ratt' of rt'C-eption of ht'at Ji ])er unit area of the 
face, or, rather, the ditTt'rt'iict^ between the rate* at which h(>at is 
being rt'ct'ivt'd by thti working fatu' and dissipatt'd at tlu^ low^'r face 
of the j)iston crown is givt'n vt'ry ap])roxiinatcly* l)y 

4rlctT 

h =--- 4 ^. ( 3 ) 

vvht'rt*, T ~ th(' differt'nct', of tt'mpt'ralurt', l)ctw('(‘n tlii', ct'ntrt' and a 
pf)int at radius r 

t th(‘ thicknt'ss of tht' ])iston crown 
Ic — th(^ conductivity of tlit' material. 

If Ta) difft'reiice of tt'inpt'raliircs at two radii and 

tliLM (rfpiatiou (3) becomes 

• If oN^t'r any portion of Hit' crow^n of a piston, betwcum radii 
!ind r^,, th(‘, thicknt'SS is proportional to flit' ratlins, so that t -- (.'r, 
tht'ii 

2r.dr . dr . 


/dr.,“ ~ r.-) 
“ Ut 




and 7\ - T, 


)\) 


This a])plies to tlu' pisttnis A, and Tablt' 1 (]). 3,: i ovt'r the 
rangt' of ratlii 0-5 in. tt) 1-0 in., that is 1-27 cm. tt) 2-54 cm. and the 
value t)f r. Ms 0-3 1 , 

Iht)ft‘sst)r (hbson tli'tluced frt)ni teiii])eraturi^ gradient measurc- 
iTU'iits anti t)thiT axailiibk* tlala by other observers,! that the value 
<4 r, for use in equatitai (2), incrt'ascs with tiirbulenct', and untli*r 
normal working c,t)nditit)ns, with the c,om[)rt'ssion ratios usual in 
])rat!tic(‘, varit's froni 3-() :< 10 « (MkS. units in a gas migine of (> to 
12 in. diameter at 200r.]).ni., to about II X 10 Htd.S. units in a 
high-speed petrol engine at 1800 r.p.m. Tht*st' valut's t)f c, t'xpressed 
in (tH.U. pt'r stpiaie foot j)er minu^f:', arc ri'spt'ctivcly 44 x 10 * 
and 13-5 x 10 


* kS(i(' Footnote, p. 

t Proc. n.S.A., Vol. 77 (lOOO), p. 500; PhiL Mag., Vol. 47 (May, J924), 
p. 883 ; Pror. Inst. C.bl, Voff CXCVI (1913-14), Tart 2. 
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Taking e — 1 1 X 10 ® C^.G.S. units, and assuming = 2400° C., 
7\ — 250° C., -- 250° C. in a petrol engine at l,800r.p.in., with 

an aluminium piston for which p ~ 2-9, .s* — 0-21, k — 0-38, and 
suhslituting in (equation (2), gives the semi-am])litud(', a ~ 5-5° C., 
'Corrtvsponding to a total surface fluctuation of 11° 

]^''or the cast-iron piston, p 7-8, s- — 0*1 1, A: ^ 0-11, and taking 
th(‘. saints valu(\s for c, 7\, ayd but assuming — 400° C., the 
fluctuation of surface tem])era.iure is l(j-4" 

Obviously, from tlu^se figures, th(' fliK'tuation of surface tem- 
perature is negligible', for practical purposes. 

To convert' the heat inflow^ //, to tlu' piston from ('.C4.S. units to 
(Ml.U. ])i'r sipiarc' foot ])er minute, multi])ly by 123, since 
, 00 y (2-54)2 144 ■ ■ 

453-59 

In tlu' case f)f th(' 100 mm. X 140 mm. aluminium i)istons, the\ 
mean heat inflow o^ er tlu' whole area, of th(‘- piston is 58-9 C.H.U. 
per min., that is, thi- lu'at ('(piivah'nt of 2-5 II. P. The averages 
outiiut in the trials, Table I (]). 357), is about 17-9B II. P., so that the 

2-5 

lu'at given to the ])iston is —0-14 of the hc'at (‘quivaU'nt, to the 
brake llors(‘-po^^’(‘r, ^ ^ 

The h(‘at suiiplii'd to tin* engiiK' is 1,075 B.Th P. p ‘r min., and the 

58-9 

nunin valiK' of the lu'at givc'ii to the ])iston is ' 100 - 3-5 per 

cent of th(' heat of combustion of the fiul. 

In this liigh-sj)('('d jit'trol engiiu' working on th(‘ Aveakest mixture' 
ca])abl(' of giving maximum ])owtT, and vith a,n air/pe^*ol ratio 
about 13-5 to 1 , the lu'at give'ii to th(‘ piston and flowing to tlu^ walls 
is nearly 3-5 ])er ce'iit of tin* ht'at of combustion of the* fuc'l. Wlum 
account is tak(*n of th(' lu-at dissipati'd from the' under-siele of the 
pistem, it appears tliat the total heat, given te) the' pistem is nearly 
the same frae-tieai e)f th(' he-at sujiply as that founel in sleiw spei'el gas 
e'ligine ti'st.s. 

iSimilar calculations from elata given in tests eif gas e'Ugine'.s give 
the' feillowing me-an re'sults 


Hrat tfi Pisloji, as a I’c-rc^-Tita^n of- 


Authont-\' 


Heat' of Total Hoat Loss to Total Loss for 
Loinbustion Siirfaro of stroko 

of Fuel Piston aiul Walls boro 


Hoiikinsou 
Ibirstall . 
Coker 
(bbsoM 


* In those t-ests the indic-atc'd borse-powor was measured. The mechanical 
oHioiency is assumi-d to bo 85 per rent in deducing the brake horse-power. 
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In the tests by Burstall on an engine having a water-cooled, 
piston, and using producer gas, the compression ratio was varied 
from 4-36 to 8-()7. The proportion of heat given to the piston 
varied with the compression ratio between 3 03 and 4-95 per cent, 
having a iiK'an value of 3-7 per ccmt. 

Internal Energy or Specific Heats of Gases at High Temperatures. 
The physical prof)(‘rties of a gas in ch(^mical equilibrium are com- 
plet(‘ly spt'.cified* when we know (T) the relation bt'-twcen the 
pressure and voliinn' at constant t(‘m])erature, and (2) the internal 
energy per unit volume' as a function of the temperature and the 
density. 

The internal eiu'rgy of a gas per unit mass is usually defined 
as 0^(7^ "■ Tj)), where 7\ is the standard temperature from 
which ('iiergies are reckoned, and the mean specific heat at 
constant volunu' between T and lA>r all practical purposes in 
gas (ngiiK's, llu* first nOation is given by Boyle’s law : ])v = con- 
stant.! It is usual to mak('. the furth('T assumption that the 
product pro])ortionaI to the absolute temperature T, i.e. 

pv — JiT. If this be true, then the internal eiu'rgy is a function 
of th(' tc'ui pe.rature only. In case the perfect gas law' dof^s not 
hold, them th(' rc'lation In'tween v, and T can be deduced from a 
iknowk'dge of the internal eiu'rgy, which will be a function of both 


tem])eraturc' and (h'nsity. 

Th(‘ internal (UK'rgy is expn'ssc'd in terms of the specific heat and 
absolute- tein])eratur(' dE ~ K^ydT, and at any temperature, the 


idopt' of th(‘ eurv(' giving iht' ndation btdwwn E and T is which 


measures For ( onstant, the c urve of inttmal energy w'^ould 

b(' fi straight line' and E -=^ Kj, wherc^ f C is thc> ternj^erature above 
th(^ arbitrary t(*mperatun', from w^hich the internal energy is 


reckoned. If K„ varies with temperature, then E — / K^ydT. 

(t 

If A",, (A\Jo + at, then E = (A,,)of so that a curve con- 


ru'cting E and t can be draw'ii wdien is given. 

From a table or curve of internal energy it is possible to construct 
an id('al indk-ator diagram corn^sponding to the cycle of operations 
us('d in gas engines for any given combustible mixture, on the 
assum])tion that the combustion is instantaneous and complete at 
the in-c-('ntre ; that there is no loss of heat in compression, (‘Xplosion 
or (‘xpansion ; and that during ('xpaiision the' gases are at all times 
in tlu'rmal and (‘hemierd equilibrium. Tlu^se conditions can never 
be comph'tely rc'alized in ])ractice, but can, in theory, b(' a])proached 
by improvc'inents in design wdthin certain dc'fined limits. Such an 
id(*-al cych' takes account of the actual physical* properties of the 


* See ('ports of the British Aaso(:iatiO}i Conhmittei' on (Jascous Explosions, 
t See Witkowski, Phil. Mag., Vot. XLI (IHtJfj), p. 309. « 
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working substance, but leaves out of account such imperfections as 
heat loss to the cylinder walls. 

The results of exi^erimcnts on the energy of gases give the specific 
heats reckoned per unit mass of the gas. It is easier to measure 
volumes of gas than tfudr weights, and for most purposes the more 
convenient form is thc^ specific heats per unit volume, called the 
volumetric specific heaf^, which may be expressed in the foot-pounds 
of energy required to raise t cub. ft. of the gas through 1° C., or 
reckoned per gramme-molecule. 

Avogadro’s Law states that the molecular weiglits of difierent 
gases, r(‘gardcd as perfect,” have th('. same voluimi at standard 
pressure and tfuiqierature. If we take 2 grammtvs of hydrogen, 32 
grammes of ox3^gen, or 28 grammes of nitrogen, at 0'^ C. and standard 
atmosph(‘ric j)ressure,(‘ach quantity occupies nearly th(‘ same volume, 
and is called the gramme-molecule, or mol. Its volume is 22,400 
22 400 

eub.cm.,or-^ — -- 0-79103 cub. ft., since 1 (ub.ft. ~ 28,310 cub. (an. 


3-902 ft. -lb. per cub. ft.. 


One gramme-caloric pcT gramme-mohamle is 

^1400 _ 

453-5920 X 0-79103 
since 1 lb. — 453-5920 gramm(\s and 1 11). -caloric* (C^.H.IT.) is 
equivakmt to 1,400 ft. -lb. 

Hence the energy of a gas expressed in granuue-calories per mol. 
multiplied by 3-9 gives the heat energy in foot-pounds per cubic foot ; 
gramnu‘-ea l()ri(\s per mol 
molecular wcught of a gas 
the number of (J.H.lk per ])oun(l weight. 

From th(‘ c.;haractc*ristic gas e(|uation p.v - li.T ; pmv - mll.T, 


also 


-- grammc-caloric's peu* giamjj^ic*. 


and mR p. 


T 


where m is the molc‘vular w(‘ight ; mv reprc-sc-nts 


the volume of a gramJiK‘-molcHul(*, which is 22,400 cub. cm. at 0'^’ C. 
and standard atmospheric ])ressiire. 1-0133 x 10^ dync-s per s([uare 
centime*! rc- ; tlic* c-onstaiit R - Kp - the dilh-n-nce* l)c*t w(*en the 
specific hc-ats of a gas at constant pre^ssure* and at constant volume. 

The universal gas-constant, rnU, is also n(*arly constant for all 
gasc*s, and r(*])res(mts the* work clone oj- change* of c‘nt‘rgy per degree 
change of te]n])(*rature, being ecpial to ])ressur(* >: change* in volume : 


7nv 


22,400 
273- 1 


83-1 I X 10^ ergs. 


thus, 7nR ^ p -jp- ^ j -0133 x 10^' X 

Taking the grammc'-calorie e([uivalent lo 41 ’808 X 10® ergs, the 
gas-constant mR is (*(pnvalc*nt to 

83]lx’10‘^ . . 

. =- 1 -985 gramm(‘-cal()ries, 

41-808 X 10® 

or the'*same number of (d.H.U.) pcmnd-calcwies. 
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Obviously, dividing this gas-constant by m, the molecular weight 
of a gas, gives the value of R in pound-calories per pound, or gramme- 
calories per gramme ; and the quotient multiplied by 1 ,400, the 
value of J, is the value of R in foot-pounds per pound. 

For example, in the case of hydrogen m is 2, then 1-985 /2 is 0-993 
O.H.U. per pound, and 0-993 X 1400 1390 ft. -lb. per lb., the 

value of i^. ^ 

The differemoe of th(^ sptKiific^ heats of these gases in gramme- 
calork^s per mol. is equal to th(‘ gas-constant, so that 

+ 1 -985, and y ^ 1 f . 

111 diatomic gases, like N 2 and C/0, which ni^arly satisfy the 
relation pv — the moleciule consists of two atoms ; and the 
specific heats, i‘xpressed per unit volunu^ and pt^r grarnmc^-molecule, 
are found by direc t eXfXTiimmt to be very nc'arly alike. This also 
agr(‘('s with th(‘ kirudic tlic‘ory of diatomic gases, lliat 

5 7 7 

iC,,, -- 7i, and — — H, so that y p~ — 1-4. 

Z o 

Substitute the valin* of R — 1 -985, giv(\s if,, - - 4-963, and Kp~ 6-948. 

Dividi' these by lh(^ ^alue of rn, ^28, for each gas, we have 
Kj, -- 0-248 and 0-177 in gramme-calories pcT gramim^ or 

C.HV. peril). 

Increase of Specific Heats with Temperature. Itc-al gases have 
highc'r values of K and than those of the ideal pi^rfc'ct gas. 
Swann d(‘tc‘nnined the sp(‘cilie, lieats ot air at atmospheric/ pressure 
and teinpt'ratures 20” and 100° C. by the continuous electric 
licMting iiK-thod (p. 72), and the value obtaim'd agr(M‘S with that 
deduced by (-alU'iidai* from the results of .loly’s experiments on 
air at constant volume by his steam calorinuqer (]). 73), i.e. 
Kj, — 0-2419 at 55° C^. ; also given by the-, formula 

Kj, - 0-2413 (1 4 0-000050, 

for ain^ t(‘mp('rature t bcdwinm 0° C. and 100° C. Ah'asun^d in the 
sam(‘ way, Joly's value of for air at 0° (*. and 1 atmosphere is 
0-1727, or 4-9S calories ])er gramme-mok'cule, or 4-98 '< 3-9 — 19-4 
ft. -lb. per cub. ft. 

Thc! increase of specific heats is more rapid in th(^ triatomic gasc^s, 
(X )2 and H^O (steani). Swann’s value of for COg at 0° C. is 0-1973, 
and 0-22 1 3 at 1 00° C. ; while th(' niea7i specific, heat, between 10° 
and 100° C., deduc(‘d from Joly’s experiments at constant volume, 
is in close agnu'nu'iit, being 0-212, wliich is nearly 5 pi^r etmt high(‘r 
than Regnault’s value? at this temperature. Mow at 0° C. for 
CO^is 0-1973, and taking m — - 44, gil^es the equimlent Kj, — 8-68 
calories per granmu^-molecuk*, and K„ ~ 8-68- 1-985 - 6-695, or 
26*1 ft. -lb. per cub. ft. ; so that y is 1-3 approximately. 

♦ Callcndar, Mag. (-lanuary, 1903), p. 76. 
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A direct measurement of the specific heat of steam by Callondar’s 
electric heating method gave = 0497 at 108° C. The experi- 
ments of Callendar and Swann make the ratio of the specific heat 
of steam to that of air 2-05 at 100° C. By the above formula for 
air at 100° — 0-2425, so that for steam at 100° C. is 

0-2425 X 2-05, or 0-497. 

Measuriuncmts of spt'cifie- h^^at of gases at high temperaturivs have 
been made in various ways — 

(1) H('ating under constant atmospheric pressure, by Ut^gnault, 
Wiedemann, Witkowski, Hoi born and Austin, Holborn and Hc^nning. 

(2) Constant volume ('X[)l()sion, in which the gas is heated by 
internal combustion ; iVlallard and Le (Uiatelier, Clerk, Langen, 
Petav('l, Hopldnson, and others ; also by Joly's sti‘am ealorirnc^ttir. 

(3) (Herk’s uu'thod by suee(\ssive com]:)ression and expansion of 
the burnt imxlucts in tlie engim^ (cylinder. 

( 1 ) i Constant pressure experimentshiwi- bium (‘arrk'd out, by Holborn 
and Henning,* ii]) to a iempiTature of 1400° C. Th(^ gas und(^r 
aiinospheric prt‘ssur(‘ flows steadily througli an (deciric heatcu- and 
then through a calorinu-bu’, wIktc^ it. is cooled. Th(‘ temperature 
just bt‘fore (‘ubu’ing and just. afl(‘r leaving tlu' calorinuder, and the 
quantity of h(‘at (‘volved per gramme niolt-ciile of tlu^ gas, an^ 
measnrc'd. This quantity of Insit, h-ss th(^ woi k done in contraetion, 
whicli is 1 -985 times the fall of t(‘m])eratur(\ is tin- cluMigt^ of internal 
(mergy corresjxmding to that fall. 

At the high tenlperatur(^s, with a platinum heating tube, the 
temperatures of the hot gas uas observed with a tliermo-couple in^ar 
the entrance to the' calorimeter. The gain of lieat by the' (*a.loif iTudvr 
froni th(‘ heating tubes Avas f)artly eompensate'd by surrounding the 
calorim(‘t(*r at 115° C Avith a jaeke-t at 40° (A, by passing a stre-am 
of cooling water through ii, in ordew to j)r('Aa‘nt. the^ c-alorirneter 
rising above 115°C. vaIk'h no gas was passing. Ihider such con- 
ditions the calorime'trie eorri'ctions become so uncertain that the 
])robable error may amount to 10 pe'r cent too low. Conse^quently, 
Holborn and Henning consideT the rat-e^s of increase' of the syjecitic 
heats with temperature are juore' likely to be corre'ct than the 
absolute value's, and the r(^sults are imt (conc ordant. 

The mean values oi (7,, bc'tween 0° and V' giAa'ii are' — 

For N. :Cj, = 0-235 + 0-()00019^ (a straight line) 

(^>2 ; -- 0-201 [ 0 0000742^-0 000000018r‘' 

(slightly cui’A^ed line) 

Steam ^ 0-46()9- 0-0000168^ -|- 0-000000044<2, 

betwc^c'm 1 00° C. and t. 

(2) Constant volume experhnenfs. The' c'arly ('X])losion experi- 
ments by Mallard and Le Chatelie'r'j' indicated a continuous increase 

* Ann. del pfiys., Vol 23 (1907), jjp. S09 842. 

t C^mptes Eendus (1880 81), Vols. 91, 93 ; AmiaUs drs M iucs (1883), p. 274. 
Ibid\ 0^87), Vol. 104, p. 1780. 
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in the specific heat with rise of temperature at constant volume of 
steam and carbonic acid gas, and a slight increase for th(i simple 
gases. When an explosive charge of gas with air or oxygen is 
fired in an engine cylind('r or closed vessel, thc^ actual pressure and 
temperature attained fall far short of the values calculatc^d from 
the heat of e.omVmstion on the assumption of constant specilic heat 
of the gases, aftt‘r making allowance for th(' loss of lu^at to the 
enclosing walls. Here the mean temperature of a gas is infi'rred 
from its pressure. Corrections amounting to 8 aiul 14 per cent 
were made for cooling, and the diffenmei'- bt'twcHUi thc^ equilibrium 
value of thc‘ pressure and the maximum recorded during the explo- 
sion. The valu(‘S of the specufie hc‘ats at constant volume and high 
temperature C., obtained from the exf)eriments of Mallard and 
Le Ch atelier, are as follow — 


For CO, : C, 0 1 477 + 0-0001 76/. 

-=0-3211 +0 000219/ 

N, : - 0-170 1 0-0000872/ 

O, : 0-14SS I 0-0000763/ 


In tliese (‘X})eriments a cylindrical vessel 17 cm. < 17 cm. was 
us(‘d, wh(U'(‘as, laU‘r on, Langen used a sph(*n 40 cm. diameter. The 

ratio w^as 2-3 tiuK^sas great in the first as in tln^ second case, 

volume 

l.-angen made* very f(^\v obstwvations on inixtur(‘S giving lowtn* tem- 
])eratur(\s than 1500”(' , and takes that as the low(‘r limit of tlu^ 
rang(' of teiiiperatuns and the higher limit in tlu‘se experiments 
about' 3000'^ (■., reaeln^d by the trin^ ('X])losiv(‘- or tdectrolytic 
niixtun^ of liydrogeii and oxygcui. The results given by Langcm 
ar(' — 

Air, ( / - 4-8 H 0-0006/ calories ])er gramme-mol(H ule 


(H), C 6-7 + 0-0026/ „ 

K,!), 5-9 1 0-00215/ „ 

where C is the mean thermal capacity over the rangt^ 0 ^ to C C. 

Theses vahu‘S agree W(‘ll with observed pri‘ssur(‘s, cxce})t in the 
eas(‘ of mixt\ir(vs of CO and air, for which they are too high. In 
others th(' maximum deviation is about 4 per cent. 

(3) C7r/h\s experiments.*' Sir Dugald Chwk employed a method of 
measuring th(‘ fall of temperature diu*. to cooling of the burnt 
products in a National gas (uigine cylinder 14 in. dianH‘ter by 22 in. 
stroke, running with a lord on the brake 50 H.P. at 160 r.p.m , and 
wattr jaclct't at 71° C. Tln^ gases used WTre the products of the 
explosion of a inixture of Ashton cf)al gas and r^ir, with residual 
products in tlu' tmgine cylinder, and consisted of 5-2 CO,, 1 1 -9 steam, 
75 nitrogen, and 7-9 oxygen per cent by volume. 

* Proc.*Eoy. Soc., A. Vol. 77, p. 500. 
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By means of a special arrangement, the exhaust and inlet valves 
were kept closed at the end of an explosion stroke, and the burnt 
products Wcrti hcatc'd by compression on the return stroke and 
cooled by the next (expansion, the speed was kept u]) by the energy 
of the flywheel, wiiile a continuous indicator diagram was taken 
for a serii‘s of successive compressions and (expansions. 

Fig. 142 shows the ordinary eompression and explosion curves, 
with on(‘ compression, ABC, and expansion, CD, of the exhaust gases 
in the cylindiT. The change of internal eru^jgy in any portion BG 
of a cojii])rcssion stroke is (*qual to tkt work don<‘, l(\ss the heat 
lost to the cylinder walls ; in an expansion stroke CD it is th('. work 
done plus tJje heat lost. The loss of h(‘at comes in as a correction, 



Fkj. ]42. Iacu'vtor DixfUfAM of TCxrcctsjoiv;, Foi-i.owiiii 
iiv (^OMJ'ltKSSlON AND KyFANSION OK THD ii(iilNT | 

riiDID'CTS WlTdlN TMTC (.’YT.rNflElt {Clrrk} 


of sonu' unc'(‘rtai(ity, on tiu* Avork dom^ and Avas (‘.stimated by a 
eomparison r»f the ('onijm-ssioii lim* BC, iuid tin* following cxfiansion 
CD. Th(’ total hc‘at loss in the first partial coni])r(^ssioii and 
('Xpansi(jn lira* in the diagram BCD, Fig. 142, is estimated from the 
fall of tempa'atiux* and from the md work done, n'pn'scnted by 
the area BCD in tlu^ f]oii})lc o})cration and {iinounts roughly to 
half th{‘ work done in ('Xpajision. This loss has to be divided betAvoen 
conipression ar»d expansion. The (‘aleulation is based on the 
assumption that, the total heat. loss from th(‘ hot gases, during 
any given ])()rlion of a stroke is the sam(‘ in exjjansion and (‘om- 
})r(‘.SHion if th(‘ mean temjxu’alun' is tlu* .same. 

Suppose in first camipn’SKion the t(‘}npcraturc of tlie gas rose 
to about llOO^G. at th(’. point C, Fig f42, and during th<‘. first 
three- bmtlis CD of the following (expansion stroke, the tempf^rature 
fell to about 700'*(^., th<' Avork none, in this j»art of the (expansion 
Avas rnfaisuH'd ^fml tin* heat loss detiTmin(‘d was add(;d. Thus the 
change of intr'rnal (u\(‘rgy corresponding to the temperature change, 
1100* to 700 ’ {/., was (jl)tained. The average volumetric heat over 
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this range is, within errors of experiment, ecpial to the volumetric 
heat at tht^. mc^an temperature 900° C., which is, by this method, 
determined directly instead of by ditferenct^, as is necessarily the 
case when (as in Holborn and Henning’s experimemts) the whole 
internal energy change associated with complete cooling of the gas 
is measured. 

The following tabh^ shows the inb^rnal energy of the mixed gas 
with which CIctIc exfx^rimented, calculated from Holborn and 
Henning's figures, tog(*th(^r with the energy calculated from Clerk’s 
values for th(‘ mean volumetric heat. Th(' c'tit^rgies are reckont^d 
from 100° and are given in calories per gramme -molecule The 
energies of an ideal perfect gas with a constant volumetric heat of 
4-9 are add(‘d for comparison. To reduce to foot-pounds per 
cubic foot, niulti])ly by 3-9. 


r(‘rn])eratiire °C. | 

Holborn Hcnninp; 

(4crk 

Ideal Gas 

400 

15S0 

1720 

1470 

SOO 

;{s4o 

4250 

.34.30 

1200 

02S5 

0900 

5390 

1400 

7700 

S300 



It will 1)(* s(5en that the valu(‘s by Holborn and Henning are 
about 9 ])er (‘(‘iit low(‘r than CliTk’s : also Clerk and Langen give 
the sanu^ result at 1400 ' C. 

Professor Hopkinson made ex})erinu‘nts on the compression and 
expansion of a charg(‘ of cold air in a gas (uigine which v as motored 
ixmnd with the gas cut oiT The specific heat of air being known, 
th(‘ loss of lu‘at in any part of the (‘omjiression or expansion stroke 
can be estiinati'd from the diagram. He found that, while in the 
latter half of the conpiression stroke the heat loss to the walls 
amounbal to a considerabh^ fraction of the vork don(% some part 
of this loss was actually r('ston‘d to the gas during the first half of 
the sma-ei'ding I'xpansion, and this notvtth.standing the high tem- 
perature of th(^ air, which in botli c*xi)aiision and compression was 
much aboA c that of the Avails. Sir Dugald CliTk tried the same 
ex])eriinent, and also found that the resulting value', of the specific 
heat of air is too high, and that tin* air takes in ln*at during expansion. 
The corrections* from furthi'r experiments show that the values 
giv(*n abov(‘ are less than 3 per emit too high. 

By this method (U)oling curv^c's* may be drawn and the effects of 
varying density and ten* fierature in the t‘ngin(*. cylinder considered 
and the “ ajiparent specific heats deduei'd. The* apparent specific 
heats (instantan(‘ous) in foot-pomids p(*r cubui foot of the gas 

* Second Report of (laseous Kx})losions C-onunittee, Section (r (Winnipeg, 
1909) ; see also The. (Jas, Petrol^ and Oil Kiujiiiej by Clerk (1909), Vol. J, 
Chap. VIII. « ^ 
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engine burnt mixture of weight 0-07833 lb. per cub. ft. at 0° C. and 
760 ram. are givi-n by Sir Dugald (llerk — 


jerature 

C. 

Specific Heat at 
(vonataiii Volume 
(it. -lb. per cub. ft.) 

Tor ripe rat Lire 
°C. 

Specific Heat at 
C'onstant Volume 
(ft. -lb. per cub. ft.) 

0 

19() 

soo 

20-2 

100 

20-9 

900 

20-6 

200 

22-0 

1000 

2GK 

:ioo 

230 

1100 

270 

400 

23-9 

1200 

27-2 

500 

24-S 

1300 

27*3 

000 

25-2 

1400 

27-35 

700 

25-7 

1500 

27-45 



(I AS KkUINK 


Th(‘ curve*, Fic. 1413, slunvs the int(*rnal (*n(‘rs^v E of ilic working 
fluid Jii the gas engine (]). :3(jU) taken from tiiat given l)y lh(‘ J3ritish 
Asso(‘iation ('OTnniitt(*e on (Jaseous Kx])lo.sions after dise-ussion of 
th(^ l)(‘st availabk* results of ex])erim(‘iits by Jiangen, Mallard, and 
Le (.'hatelier at the higlu^st tem])eratures ; Cl(*rk, Holborn, and 
Henning over the lovv(*r range*. To reduee* ^the* (‘n(‘rgy from grajume- 
calories pr*!* gramme-moI(‘eul(‘ to foot-pounds per eub foot, multiply 
by ;3-9. t 

Prof(\ssor Buriitall gives the probable value of for a gas engine 
mixtun* of 1 of gas to 9 of air, 

a, - 0178 1- O OOOIOS^ O 
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Adiabatic Expansion with Variable Specific Heats. The expression 
for variable specific heats is often givc^n as a linear function of the 
absolute temperature T and the constants a, h, and k, thus — 

Cj, a + kT, and = b -1 kT, R = C^~ C^ — a-b, 

The energy equation (p. 75) for adiabatic expansion is 
Gy v.d2^-\-Cj,.p.(lv — 0, substituting the variable values of Cj, and Cy, 

dn fi — i- kT 

{b + kT)v.d‘p + (a + kT)p.dv 0, or v. ^ .p ^ 0 

v.^ (h + kT) + pia + pkT — i) . . . (1) 


])ivide by pv, and multiply bv (U\ 

dp dv kr kp 

h - \ a. - - .dp -jj-.dv — 0 
p r H It 

b!— I a!- |- 0. Integrating, \v(* hav(^ 

6.1ogi p I rt.logt I ^ instant 


( 2 ^ 


or ^^.logf p I w.logt I k-T ^ constant 

lf(*nc(‘ the adiabatic (‘Cjuation for variabh* spi'cific lieat may be 
writt(‘n 

‘ ^ 

pb _ constant, or = constant . (3) 

where r is 2-7IS2S, th(‘ base of Naperian logarithms. 

Th(‘ increase of s])(‘cific lieat makes th(‘ slopi^ of the curve not so 
steep. Th(‘n th(‘ cliangi* of (‘ntroi)y wlien I gramm(‘ of the gas changes 
from Cq, Tq. to 7’j, 7\. is 

<!>- alof^/^) I /nofr,-’M . . . (4) 

Th(‘ adiabatic curves thus drawn sJiow that in almost all gas 
engines th(^ (‘xpansion lines lie below the adiabatic, showing that 
lh(T(‘ is ht'at lost to thi* cylinder walls during cx[)ansion of the gas, 
and that uht^n th<‘ ignition is suitably advanc(‘d to give a vertical 
explosion line on th(‘ indicated diagram the combustion is practically 
comifiete at the ])oint of maximum temperature 

Bate of Heat Reception with Variable Specific Heats. 

Here dQ ^ Cy.dt + pdv (p. 84) ^ , 


dQ dt ^ dt If dp\ , . . . . pv 

i~C.Tv + i‘. I"" rf. =- 5 (p I •’ * j ''»■ ‘“■'<■■■“"‘8. i C « ■ 
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. dQ CJ dp\ 

•• ^~r[i‘ + '’Tv) + ^' • 


( 5 ) 


Now, take Cj,=^a let, and = h let, H C^- ^ a ~h, 
and when t ^ 0° C., ^ 


Substituting? these value's of C\ and li in (5), 
dQ b -\- let f dp\ 
dr ~ a -b ^ ^ 'dy j ^ ^ 

1 




I h/^ 

1 ( a dp pkt Ictr d-p] 

" a p'F ^""^+1^ ^ T ihj 


j. (6] 


, dp\ Id 


dp 


b 

Fi)r constant sjtccitic heats, k - - 0, and this (‘(juation becomes 


dJl 

dr 


(7) 


dQ 

dr 


1 


dp 




Rale of heat reception when the expansion or compression Jollows the 
law p.r^'' - c, a eonstant. Then v.^^---np (p SB), ffid sub- 
stituliiig ill (7), 

^ / \ 1 \ I /I \ 

,7;; 


y„-9). ,91-1 

7(1 - 1 ‘ ■ -b^ 7> 


(H) 


For constant sjx'cific lie^ats, k — 0, and tliis (‘({nation bec()nu\s 

~ — the same as (13) ({). SO). 

fir y^^- 1 


At the high tt‘inpL‘ratur(^s in the ex])losions of coinpri'sse'd charges 
in tile engine cylinder the slope of the curve* giving the relation 
b(‘tw(^en the specilie heat and tein{)erature appears to require a 
t(‘rin in T^, wiiere T is the absolute temperature r 
TskeK,^a + bT \ cl\ 

and Kj, =a^-\- bT + cT^, where^ R — Kj,~ - a eonstant 

In adiabatic expansion, the work done by the gas is e^qual to its 
loss of internal energy, so that p.dv — -dE — - K^.dT. 




where e = 2-71828, the adiabatic rcdatioii between T and during 
adiabatic expaiiHiori or conipression. 

The value of the constant is calculated for the initial temperature 
and volume of the gas in the engine (cylinder. 

Then, for expansion, take lower values of the temperature, and 
find the corresponding values of v. In this way an adiabatic curve 
can be drawn giving the temperature for any value of the ratio of 

pv 

expansion, and then the pressure p can be found by — = constant. 


Calculation of the Ideal Efficiency of a Gas Engine. By ideal 
efficiency is meant the therjual efficiency which would be attained 
if all the heat losses to the walls were suppressed, and the com- 
bustion were complete and instantaneous. Professor Hopkinson 
gives an examj)le from measurements of the thermal efficiency* of 
the Crossley 40B.H,P. gas engine (p. 337). With average jacket 
temperaturt^ and the engine exploding every cycle, the volume of 
mixed gas and air taken in is found by anemometer experiments to 
be 0-85 of the stroke volume. Assume atmospheric pressure 14-7 lb. 


per sq. in. and the air temperature 15° C., 

273 

reckoned in standard cubic feet, is 0-85 X 


the quantity taken, 
= 0-805 of the stroke 


volume. This is mixed with the gases left in the compression 
space, and possibly also some of the exhaust products which have 
backed in from the exhaust pipe. The volume of the compression 
space is 0-187 that of the stroke volume, the pressure of the gases is 
atmospheric and their tempcirature is inferred from the pressure of 
the gases at release. The release pressure was determined by means 
of the optical indicator light spring diagrams and varied from 50 to 
55 lb. per sq. in., depending on the strength of the ihij^ture. Assume 
52 lb. The volume at release is 0-9 times the total cylinder volume. 


* Proc. Iv^t. Mech. Eng. (April, 1908). 


25 — ( 5434 ) 
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Taking the suction temperature 100° C., or 373° C. (abs.), the tem- 

fn 0) ^ V 

perature just boforc^ rc'U^a.so is found by the gas equation , 

(5^1«) ^ (14.7 yJMiii = 1190 - C. (ate.)’ 

The adiabatie expansion down to atinosphc'ric prt^ssure, which 
occurs very rapidly after relcaise, reduces this bunperature to 

/14-7\L-/^ ^ 

1190 X ( r.v) ,ify-l*35 


14.7x0.26 

— 1190 I — 860'’ abs., nearly, or say 600° C. 


Assume that this temix^rature within the cylinder does not change\ 
materially during the exhaust strokes xvhile the rcisidual gases are 
in contact x\ith the hot piston, it follows that the contents of the 

273 

compression space amount to 2,..^ 0187 — 0-06 of the stroke 


860 


volume, reckoned in standard cubic* feet. The total cylindc^r con- 
tents at the' end of the' suction stroke would, thc'rcdore, at standard 
tem]:>erature and lac'ssiire, oc'cupy 0*805 + 0*06 = 0*865 cd the 
stroke volume', and the volumes tlic'y actually occupy is 1*187 times 
the stroke volume,'. Thus the* mc'an tempe'rature* is 


1*187 


273 375° abs., or 102° (!. 


The calorilic value of the* e*oal gas, taken by gas calorimeter, is 
600 B.Th.U. pi'r standard cubic foot. 

At the end of the suction stroke the x^alve's are all closed and the 
cylinder is then full of the' mixture^ of coal gas and air (assumed to 
be dry) which lias been drawn in, plui> products of the previous 
explosion, amounting to 7 pc'r cent of the xvhole, at 100° C. and 
14*7 lb. per sq. in. 

The mixture*- is eonqm'sse*!! aeliabatically, and is fired at the 
in-centre, the', combustion beung conpilete and instantane'-ous. The 
products are* then expandc'd without loss ejf hi'at to the out-centre, 
when the exhaust valvei is ojicned. The* e'lhciency is calculated for 
two mixtures, of which the following are iiarticulars — 


A 

Weak 

Mixture^ 


B 

Strong 

Mixture 


Volume of coal gfis taken per section (cMibic feet at 
external tem} )erjk lire and })ressur(*) 

Percentage of coal gas in mixt ure, with air dr 
Percentage of coal gas in mixture in engine 



01 

013 

in 

9-4 

12-2 


8-8 

11-4 



Foot -Pounds per Cubic Foot. 
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Products of Combustion of 1 cub. ft. of Mixture — 



A 

B 


Weak 

Strong 


Mixture 

Mixture 

Steam 

0125 

0-163 

CO, 

0-05.1 

0-069 

Nj and Oj . . 

0-7‘):i 

0-732 

'roial . . . . . . 1 

0-071 

0-964 


The analysis of the products is calculated from the average 
composition of the gas (see p. IMS). 



Fia. 144. Internal ENEiiGY'CuRVEs'"FOR Weakest and 
Strongest Mixtures Used {Hopkinso7}) 


The internal energy curves, Fig. 144, were calculat(‘d from these 
compositions, using the following values for the specific heats — 


Temperature 

800° C. 

1400° C. 

1900° C. 

Air .... 

19-9 

22-0 

23-5 

H^O 

26-0 

31 0 

30-6 

CO 2 .... 

35-2 

41-4 

46-1 


The figures are the mean values of the specific heats at constant 
volume up to the given temperature, expressed in foot-pounci§ per 
standard cubic foot of the gas. Those at 800° and 1400°^are ttie 
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results of Hoi born and Austin,* and of Holborn and Henning, f 
obtained by external heating at constant pressure. These are 
probably correct within 3 pi^r cent. The values between 1500° and 
1900° C. are from Langon’s explosion experiments, J they are prob- 
ably rather too high because of incomplete combustion and loss of 
heat, but they are the best available. The values given by Clerk 
are for mixed gases (p. 3()9),. and are rather higher than those 
calculated from the abovt‘, figures at 800° and 1400°. 

It is most convenient to follow what hapj)ens to a standard cubic 
foot of the mixture in passing through the engine. The mixture 

contains = 9-93 of its volume of gas and air, the rest being 

products of combustion. Starting at 100° C., or 373° absolute^ it( 
is compressed adiabatically to the ratio 6-37. 

The temperature at end of compression is 373 X (6-37)® •^= 780° 

The rise of temperature diirhig compression is 780° - 373° =407°C. 

The work done during compression is 19 X 407 = 7700 ft. -lb., 
since the thcjinal capacity is (constant and equal to 19 ft. -lb. per 
cub. ft., nearly. This is tlu^ internal energy at the end of compres- 
sion with cither mixture^. 

The pr(‘SSuro at the end of (compression is 

14-7 X (G-37)^ '^ — 1961b. per sq. in. (abs.). 

Strong Mixture {B). In this casc^ 12-2 per cent of the mixture 
drawn in is coal gas. In the mixture as it exists in the engine (after 
mixing with the products of the previous explosion), the percentage 
of coal gas is 12-2 x 01)3 — 11-4 ^ 

The heating value of Ukc gas per standard cubic foot is therefore, 
01 14 X GOO X 778 =- 53,000 ft. -lb. 

Add to this the work of compression — 7,700 ,, 

Internal energy after explosion — 60,700 ,, 


After explosion, the standard cubic foot of mixtun? becomes 
0*964 cub. ft. of products. 

the internal em^rgy of the products after explosion, reckoned 
from 100° C., is 

= ()3,000 ft. -lb. per cub. ft. 

0-964 

From the curve, Fig. 144, the corresponding temperature is 
2210° C., or 2480° absolute ; and the prt assure is - 
24S0 

0-964 X X 196 ht^ 6001b. per sq. in. absolute. 

^ 780 

* Rcararches oj the J^eichafuistalt, Vol. IV, 1905. 

^-j- Annalen der Phyaik, Vol. 23 (1907), p. 809. 
c j Zeitachrijt dea Vereinca Deutscher IngenieeirCf Vol. XL VII, 1903. 
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The expansion curve is computed by trial and error. We assume 
an expansion curve of the form = constant. The true adia- 
batic will not be of this form, because the specific heat is not 
constant. But if n be chosen so that the gas does not, on the whole, 
gain or lose heat during expansion, the loss of heat in the first part 
being balanced by an equal gain in the second, we shall have a 
sufficiently close approximation to the real adiabatic. 

If we take n = 1-20, the temperature at the end of expansion is 


2480 

(6-37)«-2 


= 1713” absolute, or 1440° C. 


From the curve, Fig. 144, the internal energy at this temperature 
is read off to be 33,700 ft. -lb., and the loss of energy in expansion 
is, therefore, 63,000 - 33,700 = 29,300 ft.-lb. 

The work area und(T this curve is most simply computed by 
noting that it is the adiabatic of a gas for which y is constant and 
equal to 1-20, and for whic'-h the s^jccific Ik ‘ at is therefore 

- ft.-lb. per lb. (p. 72) 

y - 1 

96 

= — - X 0-0807 (since 1 standard (aib. ft. of air weighs 0-0807 lb.) 

1*2 — 1 

= 38-7 ft.-lb. per standard cub. ft. 


The fall of tempt^ature during expansion is 2480 - 1713 = 767° C. 
Therefore work done in expansion is 3S-7 X 767 = 29,700 ft.-lb. per 
standard cub. ft. of burnt products, which is slightly more than the 
Iqss of energy (29,300 ft.-lb.), showing that along this assumed 
(‘xpansion line there must be some gain of heat on the whole. If the 
index 1-21 be tried, corresponding to an average specific heat of 
36-9 ft.-lb. per standard cub. ft., it will bo found that the loss of 
energy in expansion is 30,500 ft.-lb., and the Avwk done 29,500 ft.-lb. 
corresponding to a slight loss of luiat in (expansion. 

We may take; the index 1-20 as sufliciimtly near. 

Since there is only 0-964 cub. ft. of products for every cubic foot 
of original mixture*, the work done in expansion per cubic foot of 
mixture is 29,700 X 0-<104 =- 28,600 ft.-lb. 

The net work done in the cycle, after deducting the work of 
compression, is 28,600 - 7,700 ~ 20,900 ft.-lb. 


Since the heating value of the gas is 53,000 ft.-lb., 

^ ^ , 1 . Heat converted into work 

the th(*rmal emciency = 

Heat supplied 


2^,900 

53^066 


— 0-394#or 39-4 per cent. 


This is the thermal efficiency of an ideal engine using the actual 
working substance with adiabatic compression, combustioft ^ at 
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constant volume, and in which the expansion line follows the law 
p ^1.20 — constant. As already pointed out, this is not an adiabatic 
expansion line, but possesses the property that no heat is lost or 
gained in the course of it ; the loss of heat in the early parts being 
balanced by an equal gain of heat towards the end of the expansion. 
The true adiabatic, for which y is {in increasing quantity, at first 
slightly less, and afterwards greater than 1-20, will be at first above 
the assumed line, will cross it, and will finally be a little below it. 
The final temperature in true adiabatic expansion will therefore be 
lower than in the assumed expansion. Since no heat is lost to the 
walls (on the whole) in either ease, it follows that the work area 
under the true adiabatic curve must be slightly greater than under, 
the line p.v^'^ ^ constant. Thus the efficiency calculated above iej 
a little lower than that of an engine using rc'al adiabatic expansion, \ 
but the difference is inajipreciable. ' 

By dividing the whole expansion into stages, and finding an 
appropriate value of n for each nearc'r to the values of y, a still 
closer approximation to the true adiabatic curve may be obtained. 

Weak Mixture (y1). The following are the results with the 
weaker inixf.un^, and the reader should work through all the steps 
of the calculation by the above method — 


Coinprossion work (same as before) -- 7,700 
Heat 111 gas = 0-004 \ 0 00 X 000 X 778 - 40,700 

Internal energy afl-or explosion -- 4S.400 


Foot-pounds per 
cubic foot of the 
Mixture from 100°C. 


Energy per cubic foot of products — 0~^2“ “ 49,800 ft. -lb 

Corrcsjionding tcuujierature from curve. Fig. 144, 

= 1940° C. - 2210° absolute. 

Assuming th(^ expansion curve, =■ constant, the final tem- 

perature is 1418° absolute, or 1145° C. The energy, from the 
curve, is then 24,000 ft. -lb. 

Loss of energy = 25,800 
Work area under ex])ansion curve = 32-3 X 792 ==25,600 

Work of expansion ]ier standard 

cubic foot of mixture — 25,600x0-975 — 24,950 

Net work — 17,250 
Heat supjjly — 40,700 
Ideal thermal eflficiency =42-4 per cent. 

The difference between the ideal efficiencies with the two mixtures 
is mainly due to the fact that a gr(‘ater rise of temperature, and 
therefore of pressures in proportion to th(^ fuel used, is obtained 
wlr-if exploding the weak than when expl(?ding the strong mixture. 
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The temperature rises are 1700® and 1430° respectively, and are in 
the ratio of 119, but the corresponding amounts of heat supplied 
in the fuel arc in thej ratio of 1-30. The pressure falls rather more 
rapidly in the adiabatic expansion of the we^aker mixture, but the 
differemcc^ in this respect is not very material. The work done in 

Lb. pen so. In. 

500 



Fk;. 145. Tvn('\L Indicator 1)iv<jhams tor 8t[iong and 

\\ CAR JSllXTl'RCS {f lop/if 


the gas engine* e'ycle* is mainly eI(‘teTinin(‘(l l)y the* rise e)f pressure 
which oe'curs on e*xplosiun. 

The effect of strength of mixture on the indicate*d thermal enici- 
ency, with the* ('iigine^ at full le)a(l, is showm in the fe)ll()wmg table, 
which gives the re*.sults e)f a scrie's e)f tests all take*!! wnthin 2 or 
3 hours — 


Coat. Ct\s 

M.F.F. 

I luliciitcd 
44icj’nuil 


Cubic. Foot ]K*r 
Suction 

I*c‘rccnta^c ol 
Cylindf'r Conb'jits 

lb. iH*r 
sej. in. 

Ftlici('nc;s , 
P(‘r cool 


01275 

1 1 0 

102-2 

22 -5 

Full load 

01147 

10-0 

OS-4 

21-7 

•) 

0-1005 

S-')5 

00-2 

20 5 

Licht load 

0-1275 

0-5 

lOS-4 

24 5 

0-1140 

S' 5 

JOl-0 

2() 1 

• 

,, 


The gas consumptiem was me asure*d by the fall of a small standard 
gas-holder during 40 or»50 explosions, and diagrams, Fig. 145>Yere 
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taken with the Hopkinson optical indicator, the explosion line 
being nearly vertical, even for the weakest mixture. 

“ In measuring the indicated power, two diagrams, each covering 
about a dozen explosions, were photographed in every test. These 
photographs were integrated by planimcter direct from the negatives 
by two independent observers, and the average difference was about 
1 per cent.” 

Professor Hopkinson thus obtained, at full load and 11 per cent 
of gas present in the cylinder contents, including residual gases, the 
indicated thermal efficiency 32-5 per cent, which was increased to 
36-5 per cent when the gas in the mixture was reduced to 8-65 per 
cent. With a light load and the same gas, 0 1275 cub. ft. per , 
suction, the efficiency is increa.sed from 32 5 to 34-5 per cent, when 



Gas Consumption - Cub. ft 
per Suction . 

Fig. 140. Gas Consumption 


AND Mean ErrECTivK 


the percemtago of coal gas in the \ 
charge is reduced from 1 1 per cent at 
full load to 9-5 per cent at light load, 
calculated on the assum])tion that 
suction temperatijr(*< is 100° C. at full 
load and 50° C. at the light load. 
Similar results are givcui by the two 
light load tests. 

^'^Fig. 14C shows th(* relation between 
gas consumption per suction and the 
mean cfft^ctivo pressure ; also th(* great 
increase in pressure, w ith the same gas 
per suction, at full and light loads. 

In some trials the indicate" ])ower 
was calculated from the brake ])ower 
and tlie indi(*atcd ])ownr at no load, 
with a d(‘duction for the difference in 
w ork during the pumping strokes. In 
this 40 B.H.P. engine, Hoiikinson 


I'kessitke (Hopkinson) found the iK^gative indic'ated work 


2*3 H.P. less at full load than that 


indicated in idle cycles when a charge of air is drawai in com- 
pressed, and expanded. One such test gave the following results — 


FULL J.OAD 

Gas used, 0 1006 cub. ft. per Huclion at 52° F., and ])aromotcr 30-46 in. 
Calorific value (measured at the time), 570 B.TIj.U. per standard cub. ft 


Gas , Explosions „ 

0-0865, and ^ 0-896 

Total char^,e v Cycles 

B.H.P. —^34-4. Efficiency on B.H.P. = 32-2 per cent. 


J^r-’/ot temperature = 190° F. 
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Light Load 


{Taken as soon as the brakes 

were off) 

Gas, 0-1129. Mean pressure calculated from gas consumption, 1001b. 

Explosions ^ T 1 - 

— — — z — ^0-138. Indicated horse -power 

Cycles ' 

- 6-9 

Extra pumping work, 0-89G 

X 2-3 

= 2-0 

Mechanical losses 

0 

1 

o 

1 

= 4-9 

In dicated liorse -power 

- 34-4 -f 4-9 

- 39-3 

Mechanical efficiency 

3t-4 

- 39:3 ^ 

= 87-5 ^ At full load 

Thermal efficiency 

QO.O 

Hf.;; - 

- 3G-8 


Fig. 14-7 shows tho nOation between the thermal eflicienoy at full 
load and th(i strength of mixture, including other t(‘sts on the same 



Gas Present in Cylinder Contents. 

Fk;. 117. n’lllGRMAT. FiFFTCIKNCY AT FlTJ.T. liOAD {Hoj^ldllSOn) 

engine. In the weakest mixture used, the ratio of coal gas to air 
drawn in was abcnit 1 to 9-5, and the charge in the cylinder contained 
8-65 of coal gas. The strongest mixture that could bo used in 
practice, without excessive explosion pressures, was 1 of coal gas 
to 7-5 of air, the excess of a.ir being 1-5 times the volume of gas. 

Within this range thti th(‘rmal efficiency diminishes steadily as the 
proportion of gas in the mixture increases, so long as combustion 
is practically com2)lete, Hic difference between the weakest and 
strongest charge being 4-5 per cent in thermal efficiency, or 12 per 
cent on the work done. • ^ 

Professor Hopkinson explains that of the 12 per ^lent additional 
work done per cubic foot of gas with the weaker mixture, about 
half is due to lower mean specific heat and half to a s mallei ^heat 
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loss to the walls in explosion and expansion at lower temperature. 
Comparing the actual with the ideal efficiency, for a mixture con- 
taining 8-5 p(U‘ cent of coal gas ih(^ efficiene.y ratio is 0-87, but when 
the gas is iucrc'ased to 1 1 ])er C(mt, it is only 0-83, so that the weaker 
mixtures, in addition to giving a higher ideal efficiency, come nearer 
in practice to realizing tliat ideal. 

Heat Loss in Expansion. Part of the heat in the jacket cooling 
water pass(‘s into th(5 walls afUn' redease, and should be credited to 
exhaust. 

In a tru(^ h(‘at balance, tlie work done and the energy contained 
in the gas at the end of expansion should be measured, and the 
heat loss during ex])ansion obtaim^d by diff(‘rence. The energy at, 
th(^ (*nd of exj)ansioTi is calculated from the temp(Taturc and| 
quantity of gas ])rc‘S(‘n1, and the internal (UKagy curve. 

The tempiTature at th(‘ end of expansion can b(‘- inferred from the ' 
pressure* of the gas ai- rede^ase*, that is, flu* prt'ssure obstu'ved on the 
indicator diagram at Ihc* inoinent of opening the exhaust valve, 
which occurs about 45° crank angles Ix'forc the out-centro. The 
pressure at end of cx])ansion is that wdiich w ould be* obtained if 
the exj)ansie)n had continueel t-o the* end of the stroke, on the 
assumption that the expansieai curve wamld be the adiabatic 
— constant 

The temp(‘ratuT'e is llu'n e aleujlateHl from the*, pressure, taking the 
suctiem tcmi)e*j'ature* ]()()°(k and pre‘ssurc 14-7 lb. pe>r sep in., and 
allowing for a contraeiion e)f .3 pe*r ceuit eluring e*Xf)losie)n. 

A series of e-onscculive* te*sts we're* maele*, with gas cln^ges ptT 
ex])losion about 01 and 013 emb. ft. of cale)ritic value 604^.Th.U. 
per standard cubic foot. The* fe)llowing re*sults Avrre e)btaineel — 


( J as ])er explosion as Tiii'asiin'tl liy ^as-]iol(l('r 
(/a.s ejsr*(l jmt rxploHioii (stinidarcl e-iilnc fcot). 
Pon!('rita^o of coal gas ])rcsciil. in cylinder contcnls 
Pressnre at rcli'asi* (Ih. per se^ in. absolute) . 
Pressure at end of ('\pansion . . . . 

IVmperaturc at eml of expan.sion (abs. C ) . 

Heat su])plied per cxplosinn, H . 


AVeak 

Slmng 

Mixture 

M ixturc 

0-]()07 

01 294 

o-oorj 

0-122 

S-f) 

11-0 

52 

57 

45 

49-5 

1180 

1290 

57 t 

74 


From these* obse'rvations, and taldng the volume of stuff present 
as 1-06 stanelard cub. ft., the he'at ene'rgy at the end of expansion 
(from the int(*rnal energy e.urves) is found to be "24 and 29 B.Th.U. 
resjie'ctiveh % which are^ 42 ])er cent anel 39 ])t*r ceuit of the total heat 
supidied. ^ ^ 

At full leMdj analyses e)f the c'xhaust gases show that not more 
than 1 per cent of the fue*! is even' unburnt at the end of the 
cx^^i:tiision stroke, and may be neglecte*d. ^ 
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The heat balance is as follows — 


Indicated work (from curve) 

Heat in exhausL (from release pressure) 
Heat loss m expansion (by difference) . 


Weak 

Strong 

Mixture, 

Mixture, 

Ter Cent 

Ter Cent 

37 

33 

42 

39 

21 

28 

100 

100 


Radiation. An estimate of the radiation was madi^ by comparing 
the jacket loss with the same gas charge with a hot and cold jacket, 
other conditions being ke])t the same. The result of st‘V(‘ral tests 
showed that when the jackc^t water at outk^t was 70° 0., the heat 
taken away by the water is less than at 40° C., by betwecui 100 and 
150 B-Th.U. per min., that is, between 2 and .'3 ptu- cent of the whole 
heat supply, when the engine is running at full load. Since there 
is some radiation at 40° 0., it is probable that the radiation at 70° C. 
is about 4 per cent. 

Professor Burstall, in the early stages of his research work, found 
the radiation from the outer wall of the cylinder ainountc'd to 
about 4 per cent of the total heat when the jacket wat(‘r was at 65° C. 
His results also agree with those given above' in showing an increase 
in economy as the charge gets weaker. 

The air cycle thermal eflfieienc}^ 52-2 per cent, for constant 
specific heat, with no heat loss, corresponding to the compression 
6*37, would be represented by a horizontal straight liiu^ on the 
diagram. Fig. 147. 

The ideal thermal efficiency nearly follows a straight lint' law, 
like the actual efficiency which has the steepi'r slope. Profe^ssor 
Hopkinson iJointed out that these lines, when continued towards 
the left of the diagram, meet the vertical of no heat su])y)ly at nearly 
the same point ; so that, if it were possible to burn weakc'r mixtures 
by stratification of the charge, and if the slope of the ideal and 
actual efficiency continued in the same relation to the gas con- 
sumption, these efficiencies would tend to bc;comc equal to one 
another and to that of the air cycle, as the heat supply is reduced 
to a very small quantity. (See Fig. 150, p. 388.) 

Ideal Thermal Efficiency with any Liquid Hydrocarbon Fuel. 
Messrs. Tizard and Pye have investigated the ideal iliernial ejfficicncy 
in the high speed petrol 'engine, assuming no loss of heat to the 
cylinder walls, but allowing for losses diu^ to increase of specific 
heat at high temperatures ; also for (dissociation wjth re -com bination 
during explosion and ex})ansion. They show that^ within narrow 
limits, the efficiency obtainable, with any hydrocarbon fiu'l, is the 
same when burnt at tb^ same compression ratio ; and that ^or a 
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correct explosive mixture the highest ideal efficiency attainable 

/I \0.258 

Messrs. Tizard and Pye assume 20 per cent excess of air in the 
weakest possible mixture consistent with complete combustion, for 

\0.295 

which the ideal efficiency wc/uld be^ = 1-1 — j 

In an engine having the most perfect design of compact com- 
bustion chamber, so that the direct heat loss to the jacket walls 



during explosion and expansion is reduced to the minimum possible, 
Mr. H. R. Ricardo gives the highest indicated thermal efficiency 
attainable.* 



This formula represents the limiting thcrnml efficiency obtainable 
under the best possible conditions in a cylinder of comparatively 
large capacity and the speed of the engine not less than 1,500 r.p.m., 
assuming (1) perfect carburation and d'istribution ; (2) that the 
compression and exx^ansion ratios are equal ; and (3) that the 
mixture is homogeneous and* of the most economical strength. 
Here the index*, 0 - 25 , is taken as n — 1 , instead of y - 1. 

* Society of Automotive Knpinoors^ U,S.A. j also Tfie Automobile Engineer j 
Septsffhber, 192^. » 
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The following table and Fig. 148 give the ideal thermal efficiencies 
for a range of compression ratio from 4 ; 1 up to 8 ; 1, and the air 
standard efficiency. 

iDisAii Thermal Eemciencjy 


Com- 
pression, 
Ratio, r 

Air 
Cycle 
y = 1-4 

Tizard & Pye 
Correct 
Mixture 
n = 1-258 

Tizard Pyo 
20% wtuk 
n = 1-295 

Ricardo 
Limit 
n = 1-25 

Results 
Observed for 
Benzine 
16% weak, 
by Ricardo 

4-0 

0-4256 

0-300 

0-336 

0-296 

0-277 

4 6 

0-4521 

0-322 

0-359 

0-314 

0-297 

60 

0-4747 

0-340 

0-378 

0-332 

0-316 

6-6 

0-4944 

0-356 

0-396 

0-348 

0-332 

60 

0-5116 

0-370 

0-411 

0-361 

0-346 

6-5 

0-5270 

0-383 

0-424 

0-375 

0-360 

70 

0-5:i98 

0-395 

0-437 

0-386 

0-372 

. 7-5 

o-55;u 

0-406 

0-449 

0-396 

0-383 

8-0 

0-5647 

0-416 

0-460 

0-406 

- - 



Fig. 149. Observed Variation in Mean Pressure and 
Thermal Eeitciency (Ricardo) 

Heat input to carburettor — 65 B.TIlU. per min. 
Speed — 1,500 r.p.m. Compression ratio = 5:1. 


Mr. Ricardo showed by experiment that in practice the highest 
thermal efficiency is always obtained with about 15 per cent excess 
of air in homogeneous mixtures of any volatile liquid fuel or gas, 
except hydrogen and ether. No matter how their chemical or 
physical properties may vary, they all apparently nave this charac- 
teristic in common. 

The observed variation, in thermal efficiency is shown in Fig 149 
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over a wide range of mixture strength. For each fuel the maximum 
efficiency is with a mixture 15 per cent weak, when it is necessary 
to advance the ignition 15^ earlier (from 32° to 47°) than that 
required for th(‘ correct mixture giving complete combustion . At this 
compression ratio and speed, with still weaker mixtures, the thermal 
efficiency and mean pressure are reduced by slow and incomplete 
combustion ; flame lingers in the cylinder, and the fresh charge is 
ignited on entry. 

The increase of specific heat and direct loss of heat to the cylinder 
walls de})end u2)on the temperature in the cylinder. If it were 



Fio. loO rr3i!:Aii Tiicumal ErFiciiiNCY (Compuession Ratio 6:1) 


possible to diminish the temperature by control of the fuel alone, 
with a weaker jriixtun* as the load is r(*duced, the direct heat loss 
would diminish and the thermal (‘fficiency rise in nearly a straight 
line until, at the point of no heat supply and no load, the limiting 
efficiency would coincide with that of the air cycle, as shown in 
Fig. 150. 

By stratification, it is j)ossibl(‘- to reduce the mixture strength 
by using a small charge of combustible mixture and admitting 
separately a larger charge of air, and prevent them mixing until 
after ignition ; then turbulence is needed in the combustible part of 
the charge*, to ensure rapid combustion. 

Mr. Ricardo succeeded experimentally in doing so, on two engines, 
obtaining the whole* range from dead light to fulHoad of 24 B.H.P. 
at 750 r.]i.m. Fig. 151 shows the actual efficiency 37 per cent at 
about on(*-third ifiW load, cornsponding to a fuel consumption of 
just und(*r O-Sb pint of benzol per indicated horse-power hour. 

Not only is the efficiency on reduced loads far higher than could 
be^a^ained by other means, but the heq-t loss is so low that a 
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water-cooled engine can be run continuously at reduced loads 
without cooling water. The engine has a water-cooled bulb, but 
no water jacket or fins on the cylinder of 5 in. bore. In the top of 
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the bulb an automatic. inU't valvc^ is fitti^.d for admission of a little 
fuel and air, the ignit(*r being at the sidc^ The bulb is conmicted 
by a narrow nec^k with tlu^ main combustion chauibor, which is 
conical, and fitted with the main air inlet and c^xhaust valve. As 



Fio. 152. IxDK.'ATim Dfaiuiaai fkom Strati kikp Citarok Enginjc 

[Ricaido) 


the piston dc'seends during th(^ suction stroke', the automatic inlet 
valve in the bulb opens first, and a mixture of air and fuel is drawn 
in through a throttle valve. At about 20 yier cent down the stroke, 
the main air valve is opeiv d and cold air ('utc'rs the cylinder below 
the bulb, and jnobably at first soim^ of the rii'Ji mixture flows into 
the depression. On the com]wssio3a stroke some air is driven up 
through the narrow neck into the bulb, causing great turbulence. 
At the end of compression the rich mixture in the bulb is fired, and 
the burning mixture rushes out through the narrow neck, imxes 
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with and ignites any fuel in the very weak mixture containing a 
large excess of air. 

Detonation. The efficiency of the ordinary petrol engine working 
on the explosion cycle is limited by the tendency of the fuel mixture 
to detonate and ultimately to pre-ignitc when the compression ratio 
is increased above a certain limit, depending on the self -ignition 
temperature and time rate of the self -propagating flame through the 
fuel and air mixture ; also upon the nature and chemical constitution 
of the liquid hydrocarbon fuel. Detonation appears to be the 
setting up of extremely rapid rise of pressure, like an “ explosion 
wave,” which passes through the mixture at a velocity hundreds 
of times greater than the normal spread of inflammation. 

When an explosive mixture of oil vapour and air is compressed | 
and ignited at any point, the flame at first spreads by the ordinary \ 
process of flaiiie propagation, aided by turbulence, and by its 
expansion compresses before it the unburnt portion of the charge. 
Unless the latter can get rid of its heat with sufficient rapidity, by 
conduction and convection to the cylinder walls, it is liable to be com- 
pressed above its self -ignition or self -propagating flame temperature, 
and to ignite spontaneously throughout its whole mass. Thus an 
“ explosion wave ” is set up, which strikes the cylinder walls with a 
ringing hammer-like blow and noise known as “ pinking,” and re- 
acting in its turn further compresses the portion of the charge first 
ignited, raises its temperature and that of the igniter points or other 
parts insulated from the water jae-kt‘t in the vicinity from which 
ignition first started to so high a degrc^c as eventually to cause 
persistent pre-ignition, which may stop the engine. ^ 

The investigations of Messrs. Ricardo and Tizard have led to the 
following conclusions — 

(1) Detonation depends primarily upon the time rate of burning 
of that portion of the charge*, first ignited. 

(2) That the rate of burning increases very rapidly with slight 
increase of flame temperature, and that whether it will prove suffi- 
ciently rapid to produce detonation or ]iot depends upon the ratio 
between the rate of evolution of heat by the burning portion of 
the mixture and the rate of heat loss to the cylinder walls. An 
engine with water-cooled exhaust valves, or with sleeve-valves 
and combustion chamber without side })ockets, and hemispherical 
cylinder head with ample water cooling, is comparatively exempt 
from detonation, and will stand a high corapre^ssion ratio. 

(3) Detonation also depends upon the distance the flame has to 
travel from the ignition point before it, has passed through the 
whole mixture. Thus the more nearly hemisx)hcrical in shape the 
combustion chamber, the better to avoid detonation ; and the smaller 
the cylinder the, less the tendency to dt^tonation of the charge. 

(4) For any given mixture strength the maximum flame tem- 
perature which causes detonation depends upon the compression 
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temperature and the proportion of residual inert exhaust products 
present in the cylinder, which, like COg: exert a great influence in 
diluting the charge, retarding the rate of burning, and so lowering 
the temperature of the flame that a higher compression can be used. 

This theory is supported by various tests : (») tht^ residual 

products were cleared away by scavenging with air, when it was 
found that “ detonation ” at once became severe, even with very 
low compression pressures ; (6) varying quantities of additional 
cool exliaust products were added by way of the carburettor, and 
the compression could be raised. 

It has been the practice to add to paraffin petrols benzol or 
benzine, which reduces the tendtmey to prt^ -ignition and so permits 
of a higher eompri^ssion and more (iffieiont use of th(i fuel. Toluene 
is a still juon^ effective “ anti-detonator,” while the alcohols arc the 
best of all. A small proportion of alcohol to petrol stops detonation 
and allows a higher comj)ression to bt‘. used, but the alcohol must 
not contain water, ft has been dis(;ovored that tetra-ethyl lead 
suppresses detonation, even when added in very small quantities. 
In America load ethide is widt'ly us(‘d for this puri)ose. 

Commercial 90 per cent benzol ” is a heavy spirit of specific 
gravity 0-88 at 60" F., aud consists of about 70 to 75 per cent 
benzene 24 to 29 per cent toluene (G^Hg), and I per cent 

xylene Its latent heat of evaporation is 164 B.Th.LJ. per 

lb. ; it r('quires 13-5 lb. of air per lb. benzol for com])leie combustion, 
and has a lower c aloriflc value about 17,250 B.Th.U. i)or lb. For 
instance, a petrol consisting mainly of fractions of the paraffin series 
with the most efficient mixture strength and ignition timing, 
“ detonates ” at a compression ratio of 4-85 : 1. By adding 20 per 
cent of toluene, the compression ratio can be raised to 5-57 ; 1, the 
increase in thi'rmal efficiency on actual test is found to be from 
31*1 per cent to 33-5 per cent, and in mean effective pressure from 
131-8 to 140 lb. jier sq. in. ; while the toluene adds less than 2 per 
cent to the weight of the fuel per unit of heat. 

In his research work Mr, Ricardo designed a variable compression 
engine"^ in which the ratio of compression could be quickly changed 
from 3-7 to 8, while running at full power, without disturbing the 
temperature conditions, by raising or lowering the whole cylinder, 
together with carburettor, camshaft, and valve gear. A micrometer 
is used to measure and record the compression ratio. Every 
expedient is adopted to attain the highest possible thermal efficiency 
and power output and to ensure that all losses, whether thermal 
or frictional, are reduced to a minimum. 

By means of this engine the highest compression ratio was deter- 
mined for each fuel to give the best results, without risk of pre- 
ignition during compression. Table VI shows the compression 
ratio at which the samples of fuel were found just to detonate ; also 
* The Automobile Engineer, August, 1921. 


26 — ( 5434 ) 
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the temperature, when a mixture of fuel and air of a strength to 
give complete combustion, was suddenly compressed, without initial 
turbulence, until self -ignition or spontaneous ignition just occurred. 

TABLE VI {H. R. Ricardo) 




Detonation Point in Engine 

Self-ignition 
Temperature 
by Adiabatic 
Compression 
with Air 
Mixture, 

“C. 

Fuel 

Specific 
(Jravity 
at 15° C. 

Coin- 

])rcssion 

Ratio 

Compression 
Pressure, 
lb. per 
sq. in. 
(Gauge) 

Com- 

pression 

Tem- 

})erature 

°C. 

Petrol A 

0-782 

6-1 

148-5 

430 

367 

Petrol F . . . 

0-704 

5-05 

111-5 

400 



Petrol G . . . 

0-750 

4-55 

9G 

381 

— 

Kerosene 

0-813 

4-2 

86 

369 

— 

Aromatic Scricfi 






Benzene, 98 ‘X) • 

0-884 

6-9 

179 

450 

419 

Toluene, 99”/, . 

0-870 

7 

> 183 

452 

422 

Alcohol Grouj) 






Ethyl Alcohol, 98”/, 

0-798 

7-5 

. - 204 

- 424 

614 

Methyl Alcohol 

0-829 

5-2 

116-5 

342 

457 

(Purified Wood 
Naphlhti) 






Methylated Spirits 

0 821 

0-5 

163-5 

382 

— 

Ether . . . . 

0-735 

2 95 

47-5 

305 

250 


Table VII gives the results of nuiiUTOus ex]ieriiuents oft-ifcpeated 
with a high degree of accuracy in measurement, all the con- 
ditions being ch(*cked before and after each trial run. It was found 
from experiments that the characteristic of the torque curve over 
the rang(i of speed 800 to 1,800 r.p.m. was the same for every fuel 
tested with the correct mixture strength and ignition setting for 
each speed. In each series of tests the engine was run on wide- 
open throttle at 1,500 r.p.m., with the best ignition setting, mixture 
strength, and compression ratio for the development of the maxi- 
mum pow^tr obtainabk^ on (‘ach sample of fuel ; the temperature of 
the circulating water and the heat input to the carburettor being 
kept constant. 

Effect of Latent Heat of Evaporation. Starting with a mixture of 
fuel and air at atmospheric temperature, heat is added by (a) contact 
with the inlet valve and hot walls of the cylinder, (5) admixture 
with the residual exhaust gases in the ccunbustion chamber, and by 
(c) external heating of the carburetter or induction system. Heat 
is absorbed by (d^ the latent h*»at of evaporation of the fuel ; (a) and 
(6) may be regarded as constant. 

The weight of charge taken into the cylinder will be inversely 
proportional to its absolute temperature when the inlet valve closes. 
Experiment proves that, with the exception of alcohol, all fuels 
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boiling below 200° C. are completely evaporated at the end of the 
suction stroke, except a very small negligible proportion entering 
the cylinder in coarse drops, which are neither evaporated nor 
burned completely. The temperature, and therefore the weight 
of the charge taken into the cylinder, depends upon the quantity 
of the fuel and its latent heat ; also upon the heat added to it 
before entry. With a suitable fixecJ amount of pre-heating, the 
volumetric efficiency, and thc^refore the fowtr ouiirut, will vary 
directly with the latent heat of the fuel, since it is immaterial, as 
regards power output, whether the pre-heating is expended in 
raising the temperature of the mixture or in vaporizing the fuel at 
low temperature, provided it is completely evaporated before the 
inlet valve closes. The fall in temperature of the mixture due to 
evaporation of the liquid is shown (p. 234). Variations due to the 
differences in the latent heat of evaporation were most marked in 
the alcohol group. 

TAllLE VII 


HesLiTiTS oe Tf.sts (//. li. Ricardo) 



Specific 
Gravity 
at 
15° (! 

Com. 
prosbion 
Itatio 5‘1 

Highest Tlaeful 
Oompresaioii 

MaxiniuTu 
1 M.E V 
at highest 

Miiinnuiii 

Cou- 

■uimi>tlon 
lb. jM-r 

1 11. P. 

Theiinal 
Eirinieiicy 
at hi ghest 

Furl 

Maxiiuuui 
I.M.E.P. 
lb. per 
aq. in. 

llatio, 
'total Vol 

I’ressun-, 
lb [)er 

Useful 
Co 111 - 
pi cssion 

11). ill. 

Useful 
Com- 
pression 
Per Cent 



Clearanc-c 

r 

sq. in. 
(Gauge) 

hour 

A Petrol . . . 

0-782 

131 2 

0-0 

1 IH 5 

MO-1 

0-393 

31 0 

B 

0-723 

131 5 

5-7 

133 

1 37 5 

0 393 

34-1 

0 „ . . . 

0 727 

131 0 

5-25 

118 0 

133 9 

0 410 

32 5 

D „ . . . 

0-700 

131-2 

.5-35 

121 5 

1 34 9 

0-407 

33 1 

F „ . . . 

0 704 

131 8 

5-05 

111 5 

132-7 

0 412 

32 1 

H „ . . . 

0-707 

J31-0 

5 9 

140-5 

139-5 

0 389 

34 6 

Heavy Aromatics 

0 88.5 

130-7 

0-5 

103-5 

142-5 

0-447 

31-5 

Para^n Series 
Hexane (80% pure) 

0 085 

132-3 

5 1 

113-5 

133-1 

0-405 

32 4 

Heptane (97 % pure) 

0-091 

131 2 

3-75 

72 0 

119 

0-491 

26-7 

Aromatic Series 
Benzene (pure) . 
Toluene (99% pure^ 

0 884 

131 0 

6 9 

179-0 

146-5 

n 392 

37 2 

0 870 

131-5 

'.7 

>183 

147 

0 385 

37 5 

Naphthene Series 
Cyclohexane (93% 
pure) 

0 786 

131-3 

5 9 

140 5 

139 2 

0 385 

34 9 

Hexahydrotoluene 
(80%) . . . 

0-780 

131 0 

5-8 

136 5 

137-9 

0 394 

34 3 

Olefines. 

Cracked Spirit(53 % 
pn.sat.) . 

0-757 

131-0 

5*55 

128 0 

136 

0 405 

33-9 

Alcohol Group 
Ethyl Alcohol 
(98%) . . 

0-798 

# 

137-8 

>7 5 

>204 

156-5 

0-532 

40 4 

Hethyl Alcohol 
(Wood Naphtha) 

0-829 

144-8 

5-2 

• 116-5 

146-f^ 

0-725 

_■ 

35 1 


A constant supply of heat was added to the air at the carburettor by 
electrical resistance coOa, giving 65 B.Th.IJ. per rnin. when running ^t 
1,600 r.p.m. 
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All the tests proved that the power obtainable was proportional 
to the internal energy of the fuel. It will be seen from Table VII 
that the observed power, given in terms of the indicated mean 
effective pressure', was practically the same for all fuels boiling 
below 200° excejit alcohol, when used at the same safe suitable 
compression ratio 5:1, with the ignition fully advanced. The three 
columns on the right give the indicated mean effective pressure, 
the fuel consumption, and thermal efficiency when full advantage 
was taken of increasing the com])ression ratio up to the limit set 
by detonation or by pn’i -ignition for each particular fuel, under the 
same constant conditions of pre-heating. 

In the case of alcohol, th(‘ very high latent heat of evaporation, 
and the larger j)roj)ortion of fuel to air in the mixture, caused the 
evaporation to continue tliroughout the compression stroke, which 
was nearly isothermal. The low tmnperature in the cylinder 
increased the W(‘ight of charge, or volume' trie efficiency, and the 
small rise of temperature at the ('nd of compression, combim^d with 
the low calorific value of alcohol, conspired to keep the cylinder 
temperature low throughout the cycle. Hc'nce th(' direct heat losses 
by conduction and increase' of sjiecific h('at were reduced. The 
power obtainable also incix'asi'd as the mixture strength was enriched 
and continued to incrc'ase until the over-ri('h mixture was about 
20 per cent moiu^ than that reciuired for complete combustion ; 
apparently because more fuel was thi'ii evaporated and the tem- 
perature of the charges lowc'red, tlu' gain in wc'ight of charge or 
volumetric efficiency more than countc'r-balaricc^d the increasJfl loss 
due to change in the spe(*ifi(- lu'at of the products of combustion. 

Although ethyl alcohol gives greati'r maximum ])ower, and can 
be used with a much higher com}n'ession ratio and thermodynamic 
efficiency than either petrol or benzol, yet the calorific value per 
unit weight or per unit volume of the liquid is so much lower than 
that of petrol or benzol, that the rate of fuel (‘onsumption of alcohol 
per horsc^-power hour is greater. 

The advantages of alcohol as a motor fuel are enumerated in the 
1907 R('port of the Fuels Committee of the Motor Union, U S.A. : 

(а) high coin])ression pressure ovt^r 200 lb. per sq. in. before ignition ; 

(б) the wide rang(' of explosive mixtures of alcohol vapour with air, 
from 4 to 13 6 ])er cent by volume ; also the small range of boiling 
point at which industrial alcohol distils from 80° to 110° C., whereas 
that of petrol extends at least 50° to 150° C. or higher, and benzol 
80° to 120° C. ; (c) high thermal efficiency and safety in use, the 
flash point being 60° C. as compared with that of i)ctrol - 10° C., 
and a fire from alcohol can b» extinguished by water, which only 
spreads the flaumes of petrol. 

It is obvious from the results in the above tables that ethyl 
alcohol is a more suitabks fuel for power purposes, at high com- 
p^essioif, than methyl alc:ohol or wood spirit, because of the 
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low calorific value and high latent heat of evaporation of the 
latter. 

An admixture of industrial alcohol with some highly volatile 
spirit appears necessary not only for easy starting from cold, but 
also to increase the heating value of the mixture, in order to obtain, 
with high compression, a lower rate of fuel consumption per horse- 
power hour. Industrial or power alcohol is never pure, but nearly 
always contains water and, in ordef- to render it undrinkable, a 
small proportion of acetone, pyridine, or other unpalatable sub- 
stance not easily separated, is added as a denaturant. The aromatic 
hydrocarbons, benzol or benzene and toluene, an‘. readily soluble in 
alcohol, even at low temperatures, have comparatividy high heating 
values, and can be used to best advantage at high compression with 
good excess of air, giving complete combustion and tending to 
prevent acetic acid being formed. Thus, a mixture of industrial 
alcohol, with 20 or 30 per cent of benzol, has a high ignition tem- 
perature, and can be used in an engine with a compression ratio of 
about 8:1. The high percentage of carbon in benzol compensates 
for the low carbon conttmt of alcohol. Ethyl alcohol is obtained by 
the fermentation and distillation of any starchy or sugary substance 
like sugar-cane or edible grains. 

The supply of alcohol is inexhaustible while the sun shines, but 
it is not likely to i)rovo a commercial success to a largcj t^xtent until 
it can be product^d cheaply on a large scale from some form of 
vegetation without destroying foodstuffs. 

In Natal, South Africa, an alcohol-c'ther fuel, called Natalite,* 
was introduced in 1915, consisting of 54-3 per cent alcohol, 45 per 
cent ether, 0-5 per cent ammonia, with ()'2 j)er cent white arsenic 
as denaturant. This fuel is obtained cheaply as a by-product, but 
only in rather small quantities, and is re})orted to hav(^ given cool 
running in a car cuigine designed to use petrol, and even easier starting 
than with petrol. The high perctuitagc', of ether tends to cause 
detonation. The heat value is about 14,()()() B Th.U. per lb., as 
against 18,500 B.Th.U. per lb. of petrol. On the other hand, it 
can be used at about 10 per cent higher efficiency. It can only 
compete commercially with ])etrol so long as it is a by-product. 

In Eranct^ and Germany tlni use of alcohol -petrol, alcohol -benzol 
mixturc^s was encouraged prior to and during the Great War. The 
large, specially designed carburettor is wtU hi^ated, and the cylinder 
walls kept near the boiling j)oint of water. One type of alcohol engine 
is started and stopped on petrol. Trials of alcohol engines using a 
mixture of alcohol with 50j)tT cent benzol gave high th(‘rmal efficiency. 

Extensive Research and experimental work was carried out by 
the Empire Motor Fu(‘ls Gommittee on various alcohol mixtures, 
and the results ri*])orted in the Proceedings of the lyistituiion of 
A utomobil e Engineers . 

* I'he Autocar y May, 1919. , 
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Air Measoremeiit. Mr. Ricardo measures the air consumption of 
engines on the test bed, in order to determine the combustion 
efficiency, and from the observed maximum mean effective pressure 
developed, so ascertain the thermal efficiency. The air measure- 
ment is made to a very high degree of accuracy by means of a 
calibrated gas-holder and an electro-magnetically operated counter, 
recording every 0*2 cub. ft. When the engine is developing its 
normal output and the temperature and all other conditions are 
normal and steady, the observations give r (1) the number of 
revolutions during the consumption of a measured quantity of 
hydrocarbon fuel ; (2) the number of cubic feet of air taken in by 
the engine and its temperature ; (3) the time taken during the 
consumption of fuel and air. 

TABLE VIII 

Atr Consumption (//. R. Ricardo) 


Fuicl 

Effective Lower 
Calorific Value, 
B.Th.U. per lb. 

Air to Fuel Ratio 
at Correct 
Mixture StronRth 

Heat Liberated 
by 1 lb. of Air, 
B.Th.U. 

Petrol or Gasoline — 
Sample A . 

10,200 

1505 

1276 

B . . . 

10,020 

14-7 

1295 

„ c . . . 

19,120 

14-8 

1293 

„ D . . . 

18,900 

14G 

1296 

F . . - 

19,250 

15 0 

1285 

„ a . . 

18.920 

14-7 

1288| 

Kerosene 

19,100 

150 

1275 

Hexane .... 

19,390 

15-2 

1275 

Hei)tane . 

19,420 

151 

1285 

Benzene . 

17,400 

13-2 

1320 

Toluene .... 

1 17,GG0 

1 

13 4 

1315 

Cyelohcxane 

18,940 

14-7 

1290 

Ether 

1G,830 

130 

1295 

Ethyl Alcohol, 

11,950 j 

8-95 

1335 


Table VJTI gives the total effective heat energy evolved by com- 
bination with the oxygen in 1 lb. of air when fully saturated with 
various fuels, irrespective of the calorific^ value of- the fuel. The 
values in the last column do not include the weight of fuel in the 
mixtures, and it will be seen thsj), whatever fuel bii used, the energy 
liberated by 1 ll^. ot air ^vill always be 1,300 B Th.U., approximately, 
The variation over the range of petrols is only from 1,275 to 1,295, 
depending upon the proportion of aromatics present in the fuel. 
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Ethyl alcohol gives the greatest amount of heat energy per pound 
of air. 

TABLE IX 

Petrol,, Sample D Compression Ratio, 6:1 {H. R. Ricardo) 


Mixture 

Strength 

Total Air 
lb. per hr. 

Indicated 
Mean Pres- 
sure, lb. 
per sq. in. 

Indicated 
Horse - 
, power 

Lb. of Air 
per I.H.P. 
Hour 

Indicated 
Thermal 
Efficiency 
Per Cent 

Correct . 

I960 

132-0 

32-0 

6-13 

32-1 

Excess fuel 5% 

196-5 

135-0 

32-7 

6-0 

32-8 

.. „ 10% 

197-0 

136-5 

331 

5-95 

33-1 

„ 15% 

197-5 

137-5 

33-3 

6-93 

33-2 

M „ 20% 

198-1 

138-0 

33-4 

5-94 

33-16 

» „ 26% 

198-5 

138-0 

33-4 

6-96 

33-06 

„ 30% 

199-5 

137-5 

33-3 

5-98 

32-85 

.. 35% 

200-0 

136-6 

33-1 

6-04 

32-7 


TABLE X 


Ethyl Alcohol, Compression Ratio, 5 : 1 {H. R. Ricardo) 


Mixture 

Strength. 

Total Air 
lb. per lir. 

Indicated 
Moan Pres 
sure, lb. 
per .sq. in. 

Indie utotl 
Horse - 
} lower 

Lb. of Air 
Iier I.H.P. 
Hour 

Inilioated 
Thermal 
Efficiency, 
Per Client 

Correct . 

199-0 

141-0 

34-2 

5-82 

32-9 

Excess fuel, 5“{, 

199-5 

143-0 

34-6 

5-77 

33-3 

10% 

200-0 

144-5 

35-0 

5-72 

33-65 

„ .. 15% 

201-0 

145-5 

35-25 

5-70 

33-7 

' „ .. 20% 

202-0 

146-5 

35-5 

5-69 

33-75 

„ „ 25% 

203-0 

147-0 

35-6 

5-70 

33-7 

30% 

204-0 

147-3 

35-7 

5-72 

33-65 

„ 35% 

205-0 

147 6 

35-8 

5-73 

33-6 


Tables IX and X give the results of experiments over a range of 
mixture strength from the correct mixture for compli‘te combustion 
with no excess of air up to 35 per cent rich . The constant heat gi ven 
to the entering charge by electric ln'ater was G5 B.Th U per min., and 
the engine kept at a constant speed of 1 ,500 r .p m . It is remarkable 
that in each case, no matter what the excess of fuel present, there is 
(1) so little variation of air consumption, expressed in pounds per 
indicated horse-power hour ; and (2) the thermal efficiency, based 
on the air consumption or on that portion of the fuel which is burnt, 
is nearly the same, anB. actually reaches a maximum with the 
mixture containing about 20 per cent excess fuel. Part of the 
petrol above 20 per cent excess in* the mixture cannot bo properly 
burned or converted into useful work, and the waste heat left over 
makes trouble by excessive ht^at flow to the exhaust valves. 



398 


APPLIED THERMODYNAMICS 


In multi-cylinder engines, by irregular distribution in the induc- 
tion system from the carburettor, each cylinder may not receive 
the mixture of exactly the same strength. Sometimes part of the 
lubricating oil may be partially burnt or carbonized, to an unknown 
amount, causing the troubles of gummed up piston-rings and burnt 
valves or pistons. Consequently, the most elhcient internal com- 
bustion engine of the constant volume explosion type is that which 
makes the best use of the air and fuel consumed, and is therefore the 
most reliable and durable. 

Compression Ratio. Table XI shows the thermal efficiency, as 
determinc'd from the air consumption when the engine was running 
on benzol with a inixture strength varied from 10 to 30 i)er cent 
rich, and the ignition correctly timesd to give the best result in 
each case. 

TATTLE XI 

Vahjed Compression Ratio. Benzol aiioct 20 Vfai Cent Rich 
(i/. /?. Uicanlo) 




Indicated 



lndi(‘ated 

Thermal 

Indicated 
T1 lermal 

Com- 

Total Air 

Mean 

Indicated 

Lb. of Air 

Efliciency 

Lflicieney 

pression 

lb. per 

Pressure, 

Horse- 

l)er I.H.P. 

by Air 

})y Fu(‘l, 

Ratio 

Hour 

11). per 
s({. in. 

power 

Hour 

Measure- 

ment. 

Per Cent 

15% 
Weak. 
T’(t Cent 

4 

2()e-.T 

125-0 

30-3 

0-02 

1 

20-2 

27-7 

5 

104-0 

130-5 

33-1 

5 32 

33 2 

3^) 

3f#0 

6 

lSS-0 

145-0 

35-2 

5-34 

3() 2 

7 

104-0 

152-0 

30-8 

5-0 

38 5 

37-3 


In thi* last column is shown the maximum thermal efficiency as 
found from th(‘ fuel consiunption, with the mixture adjusted in 
each case to give; highest ec^onomy, i.e. about 15 per cent weak. 
The effich'ncy calculated froTii th(i air consumption is always slightly 
highc^r than that from the fuel consumption, because of the layer 
which escapes complete combustion by adhering to the cold cylinder 
walls. 

The indicator diagrams in Fig. 152 (a) are from the Ricardo 
variable compression engine at a speed of 1,500 r.p.m., and show 
clearly the relative increases in both maximum and mean pressure 
as the compression ratio is incr(‘ased. 

The diagram on a time base shows the angle turned through by 
the crankshaft. It is not desirable to haVe the explosion strictly 
at constant volume, or to obtain the ])eak of maximum pressure 
until 10° to 15° aft^^r the top ceiTtre (see also Fig. 136. p. 345). The 
piston is nearly stationary during this brief period of time, and 
there is this saving of the time during which both the temperature 
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and density of the charge arc at a maximum, and when the loss 
of heat is most rapid. Any heat liberated by combustion during 
the expansion str()ke can be utilized only at a reduced efficiency 
corresponding to that of the expansion remaining available. In the 
limit, any heat liberated at the end of the expansion stroke can do 
nor useful work at all, but will heat the exhaust valve 

Table XI shows that as tJje compression ratio is raised, so also is 
the weight of air taken in by the engine per cycle reduced. Observa- 
tions at widely varying speeds showed this decrease in volumetric 
efficiency to be substantially the same at all speeds. This decrease 



Ficj. 152 (a) 

accounts for tlie result found in giuieral t'xperitmce, that, while the 
use of a high (compression ratio greatly increases the thermal 
efficiency, yet th(‘ gain in power output is much less marked. 

Heat Distribution in the High-Speed Petrol Engine. The following 
results of obsiuvations, taken with a high degree of accuracy, in 
tests of the Ricardo variable compression (uigine, show the distri- 
bution of hecat in that engine under different conditions of working 
on the sanui sampk* of petrol (A). In the first test at compression 
ratio 3*8 ; 1, with constant fuel to air ratio, but varying speed, the 
results obtained — 


Revolutions per iniiiuto .... 

975 

1 500 

1700 

Pisloii Speed, feet fu'r niiimte 

1300 

2000 

2206 

Heat eonverted to indicated horse-power, per 




cent ....... 

25-9 

20 1 

20- 1 

Heat lost to cooling water, per cent . ' 

30-4 , 

28-0 

27-0 

Heat lost in exhaust, radiation, etc., per cent. 

43 7 

o 45 9 

46-9 


100-0 

1000 

lOO-O 
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Similar tests with ethyl alcohol (95 per cent) give a thermal 
efficiency up to 38-3 per cent, with a compression ratio 7:1. 

In the second test with petrol (-4) at compression ratio 5'45‘: 1, 
with constant fuel to air ratio, and at constant speed 1,500 r.p.m 
and piston speed 2 000 ft. per min., but the power varied by throttling, 
gave — 


Percentage of maximutn indicai eii horso-powor 

100% 

80% 

00% 

40% 

Heat converted to indicated horse -power, per 
cent ....... 

Heat lost to cooling water, per cent 

Heat lost in exhaust, radiation, etc , j)cr cent . 

33-5 

2()r> 

400 

.340 

28;2 

37-8 

100-0 

34- 1 
31-8 
:141 

33-6 

35-6 

310 

1000 

1000 

1000 


In both cases the circulating water was at constant temperature 
60° C. ± 2° C. The heat input to the carburettor was adjusted to 
bear a constant projjortion to the weight of petrol used. The fuel- 
air ratio was such as to give nearly 10 per cent of air in excess of 
that required for complete combustion of the petrol, the air con- 
sumption being measured and adjusted in each case. No readings 
were recorded until all temperature conditions had been steady for 
a considerable time after each change of working condition. 

The heat lost in the exhaust, radiation, etc., was obtained by 
difference. 

The indicated thermal efficiency may be taken as accurate to 
within about half of 1 per cent, and the heat to the cooling ^vater 
to within 1 per cent. In both tests the heat produc(^d by piston 
friction and that lost by radiation balanced at nearly 1,500 r p.m ; 
the cooling water tempe^rature at which the readings were taken 
being that which the cylinder attains when motored continuously 
at 1,500 r.p.m , i.e. 45° C. above atmosiheric tempe^rature. 

Thermal Efficiency under Reduced Loads. Tests made on the 
Ricardo single cylinder research engine showed : That, as the load 
is reduced by throttling and with the ignition set to give the best 
results on full load, the fuel consumption per indicated horse-power 
hour increases slightly as the load is reducc^d, but that, if at each 
throttle opening, the ignition timing is advanced as the load is 
reduced, then the fuel consumption per indicated horse -power hour 
remains nearly constant throughout the range from 30 per cent to 
100 per cent full load torque. 

“ In all these tests the same procedure was adoptixl, viz. at each 
throttle opening the whole range of mixtur(i strength was explored. 
The circulating water was maintained throughout at the same tern’ 
perature ; tho heat input to the carburettor was proportional to the 
load, i.e. at full load the heat input was at the rate of 65 B.Th.U. 
per# min ; at half load, 32-5 B.Th.U. per inin., etc. ; also, at each 
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throttle position the mechanical losses were measured at intervals 
by motoring, which was done by simultaneously switching off the 
ignition and changing over the armature circuit of the dynamometer, 
the combined operation taking less than 1 sec. and being effected 
without any appreciable change in speed.” 

Curves A, Fig. 152 (6), show the results obtained with fixed 
ignition ; and curves B, with ignition adjusted for each change 
in load. The gain in thermal efficiency by advancing the spark 
when running on light loads is considerable. 

In 1908, the British Association Committee on Gaseous Explosions 
gave a curve (p. 372) of the internal energy and temperature for the 
burnt products of a coal gas and air mixture which formed the 





Fia. 152 (6). Power and Thermal Efficiency Curves for a 
Ricardo Throttle in a Petrol Engine 


working fluid in the gas engine used by Sir Dugald Clerk in his 
experiments on specific heat. More recent research indicates that 
the values of the specific heats at the higher temperatures then 
available are somewhat too high ; but, as shown above, the curve is 
useful in gas engine calculations. 

Mr. Ricardo gives a similar curve,* Fig. 152 (c), for a petrol or 
benzene -air mixture in the petrol engine, constructed from the 
results of investigations by Messrs. Tizard and Pyc. 

Although this curve applies strictly only to the chemically correct 
benzene-air mixture for complete combustion at a compression ratio 
of 5 : 1 , it may be taken as applicable within negligible error to any 
other hydrocarbon fuel at the compression ratios commonly used 
in the ordinary petrol engine working on the constant-volume cycle. 
Owing to the different specific heat of the products of combustion 
of alcohol or ether and air mixtures, the curve does not apply to 
these, nor to very rich or weak mixtures, though, with these, the 
error is very small within the working range of a homogeneous 
mixture. 

The curve gives the heat energy in equivalent foot-pounds per 

* The Automobile Kmjineerj November, 1922. Reproduced by the kind 
permission of Mr. H. R. Ricardo. " 
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standard cubic inch plotted against the temperature on the hori- 
zontal scale. Zero energy is taken at 100° C., this being the average 
temperature of the charge at the beginning of compression. The 



Fio. 152 (c). Intkrnal Enebuy or a Petbol Benzine- 
Atb Mixture 


difference between the upper part of the two curves, on a ver- 
tical line, show^ the chemical energy stored in the products of 
dissociation. ^ 

A graphic construction, by Mr. Alcock, is given by which the 
range of temperature throughout the expansion stroke may be 
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estimated from the heat of combustion of the mixture and thermal 
efficiency of the engine. The ideal thermal efficiency of the petrol 

/ ]^\0.25B 

constant-volume cycle is taken — 1 - f ^ | 

An example is worked out to explain the use of the diagram — 

Given the compression ratio R = 6 ; energy content of charge 
= 46-2 ft. -lb. per standard cub. in. ; assuming heat loss to the 
cylinder walls during combustion, 6 per cent ; and heat loss during 
expansion, 6 per cent. The heat added to the mixture during com- 
pression is allowed for various ratios by the scale PPi, near the 
bottom of the diagram. 

The point R — 5, representing 3-6 ft. -lb. heat of compression, is 
joined to that value above the energy content of the mixture on 
the vertical Oj^Y^ from the 100° C. starting-point, i e. 46-2 + 3-6, or 
40-8ft.-lb. From this gross energy content per cubic inch must 
be deducted : (a) The loss due to the weakening of the mixture by 
dilution with tlu' residual exhaust products, assumed to be at 
1000° C ; and (6) the loss to the walls of the combustion chamber 
during combustion. 

At th(^ top of the diagram on the horizontal scale C is marked the 
decrease in (mergy duo to dilution, and scale E shows the loss due 
to cooling during combustion. A line is drawn between the two 
points on these scal(*s rc'presenting 6 per cent, and the point of inter- 
sc(;tion of this line with the scale D gives the total loss due to these 
two causes, 11-5 per cent. 

Drop a verti(!al from this point of intersection to the line joining 
the total energy content 49-8 ft. -lb., and the heat of compression on 
the scale FI\- Then a horizontal line is drawn to the energy scale 
O^Y^ on the left, and to the energy curve OA. The x>oint on the 
energy scale shows the net energy available for expansion, 44*5 
ft. -lb. per standard cub. in. of charge, and from the curve OA can 
be read off the actual maximum temperature, 2475° C. 

The droj) in temperature during expansion depends on (1) the 
work done on the piston, and (2) the heat loss to the walls. The 
net power output as a percentage of the heat content of the mixture 
given on scale F, does not cover losses to the walls during expansion, 
which is laid off on scale E, A line drawn between the points on 
scales E and F gives their sum on scale as before. A vertical 
from this on D is drawn to meet a line from the net energy point on 
OiFi to the suitable compression point on PPi- As the gross work 
done during expansion is the sum of the net work and that during 
compression, the latter (3-6 ft. -lb. in example) must be laid off below 
the point of intersection to find, by the horizontal, the energy 
content at the end of expansion, 24-5 ft. -lb. ; ancl the corresponding 
final temperature, 1675° C., is read off the curve OA. 

In an actual test of the variable compression engine, having, com- 
pression ratio 6:1, the observed indicated thermal efficiency is 
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31 per cent ; 5 per cent of loss during expansion is due to the 
change of specific volume of the mixture during combustion, so 

100 

that the heat drop is 46-2 x 0*31 x = 13*6ft.-lb. per cub. in. 

Add to this the 3*6 ft. -lb. of compression work restored during 
expansion, and 6 per cent of 46*2, or 2*8 ft. -lb. of wall loss, makes 
the total heat drop during expansion ; 13-6 + 3*6 + 2-8 = 20 ft. -lb. 
per cub. in., leaving a final energy content, 44-5 - 20 — 24-5 ft. -lb. 
per cub. in., which agrees with the result found graphically, under 
the same conditions. 


EXAMPLES VIII 


1 . Prove tliat the ideal efficiency of an internal combustion engine working on 

the Otto cycle is 1 - ^ ^ » where r is the ratio of comjjression. Calculate 

this efficiency in the case of an engine having a stroke 1 6 in., a piston diameter 
12 in., and a clearance volume of 485 cub. in. ; and find the gas consumy>tion 
per indicated horse-power hour if the gas has a calorific value of 260 C.H.U. 
per cub. ft., and the efficiency ratio of the engine is 50 per cent. 

(C/.L., B,Sc. (Kng.), 1923.) 

2. An engine, working on the four-stroke constant volume cycle, has 
compression ratio 0. In a brake test at 1,200 r.p.m., the rope of 1 in. diameter 
all round the brake wheel of 24 in. diameter, had a difl'cronce of vertical pulls 
on its ends 254 lb. Tlie fuel used per hour was 34 lb. of petrol having lower 
calorific value 18,500 B.Th.U. per lb. Mechanical efficiency with thisioad, 
80 per cant. Calculate (a) the average torque on the crankshaft ; (l^ the 
brake horse-power ; (c) the indicated and brake thermal efficiencies ; and 
(d) the efficiency relative to that of the ideal air cycle for this engine. 

3. Work out the trial made on a gas engine in which the following observa- 

tions were made : Cylinder diameter, 7 in. by 15 in. stroke ; clearance volume, 
0 0824 cub. ft. ; explosions per minute, 78-5; M.E.P., 77 1b. per sq. in. ; 
brake horse-power, 6-15. Cas used per minute, 2-77 cub. ft. at 12'2° C., and 
2-2 in. of water above atmospheric pressure of 29-8 in. mercury. Cooling 
water per minute, 20*25 lb., having temperature rise 17’4® C. The calorific 
value of gas, 282 C.H.U. per cub. ft. at 0° C., and 30 in. mercury. Draw up 
a balance sheet for the engine, and determine the mechanical, thermal, and 
relative efficiencies of the engine. (C/.Jy., B.Sc. [Kng.), 1922.) 

4. A trial of an internal combustion engine, during one hour, gave the 

following results : Indicated horse-power, 24-7 ; brake horse-power, 20-5 ; 
total oil fuel used, 1*35 gallon of specific gravity 0*750, andlower calorific value 
18,700 B.Th.U. per lb. ; total cooling jacket water, 623 lb., of temperature at 
inlet 60“ F. and at exit 160° F. The exhaust gases leaving the cylinder were 
passed through an exhaust calorimeter, raising 923 lb. of water from 60“ F. 
to 140“ F. - 

Calculate (a) the mechanical and (6) thermal efficiencies of the engine, and 
draw up a heat balance sheet for the engine, showing the distribution of heat 
in B.Th.U. per minute. ^ 

6. A gas engine, working on the four-stroke constant vohime cycle, gave 
the following results when loaded bv a friction brake during a test of 1 hour 
duration: Cylinders diameter, 9*6 in. ; stroke, 19 in. ; clearance volume, 
272 cub. in. ; effective circumference of brake wheel, 12*8 ft. ; net load on 
brake, 277 lb., at average speed 226*7 r.p.m. ; average explosions per minute, 
77 ; ^nd mean effective pressure of indicator cards, 106 lb. per sq. in. Gas 
us^, 455*p cub. ft. at 15“ C., and pressure 771 mni. mercury. Lower calorific 
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value of gas, 329 C.H.U. per cub. ft. at N.T.P. Cooling jacket water, 1,380 lb., 
raised 34-2° C. 

Calculate, (a) the indicated horse-power ; {b) brake horse-power ; (c) the 
mechanical efficiency and indicated tliermal efficiency ; (d) the ideal air cycle 
efficiency (y — 1-4) and efficiency ratio ; and (c) give the heat balance for this 
engine per minute. 

G. A gas engine, working on the Otto cycle, has clearance 0*25 cub. ft. and 
the volume swept by piston 125 cub. ft. From the indicator cards the com- 
pression curve is - constant, and *the expansion — constant. 

When the comprcission stroke begins, the charge is at 14 lb. per sq. in. absolute 
and 100° C. The maximum pressure of explosion at constant volume is 
400 lb. per sq. in. (abs.), and at 110 explosions per minuie the engine takes in 
10 cub. ft. per min. of gas, having lower calorific value 276 O.H.U. ])er cub. ft. 
as used. 

Calculate : (a) th(^ not indic.ated work per cycle ; (?>) the indicated horse- 
power ; (c) the tluuinal efficiency; and (d) the efficiency relaiive to that of 
the ideal air cycle for the' engine (y 1-4). 

7. An air engine works on an ide.al cycle in wbicl) heat is received at constant 
pressure and reject(‘d at eoiistant volume. Tlie ])ressure at tlie end of the 
suction stroke is 14 Ib. ]j(’r sq. in. (abs.); the ratio of compression is 16‘3, 
and the ratio of expansion is 7-5. Jf the expansion and compression curves 
are given by -- constant, find tlie mean iiressiire for the cycle. 

An oil engmo working on this cycle, and vdih i.he above expansion and 
compression ratios, and initial pressure, gives a moan pressure of 1141b. per 
sq. in. Account for the difference. (l/.L., if.tSV. (En(j.)>) 

8. Deduce an expression for the ideal offieiimcy of Ibe Diesel engine cycle, 
and calculate this efficiency in the case of an engine, having a compression 
ratio of 13‘5, and m which the fuel is cut off at 0-05 stroke. 

(Kmj.), 1022.) 

9. The following results were obtaini'd during a iest of a gas engine loaded 
by^a fricAion lirake : ('Jyliiulcr diameter, Sin. ; stroke, 17 in. ; d(‘ad weight, 
10511).; spring balance reading, 23-8 lb. ; lirake wliccl diameter, 5 ft.; 
revolutions ])er minuti', 215 ; explo.sions per minute, 08 ; IVl.E.V. of indicator 
card, 821b. per sq. in. ; gas per minute, 7- 10 cub. ft. at 20-0 in. of mercury 
and 14-8° C. ; cooling water per minute, 37-7 lb. raised 25 8° C. ; calorific 
value of gas, 275 C.D.U. per cub. ft. measured at N.T.P. Calculate the 
indicated and brake liorse -powers of the engine, and find tlie mechanical and 
thermal efficiencies. Draw up a balance sheet for the engine per minute. 

(U.L, B.Sc. {Eng.), 1924.) 

10. Calculate the stroke and diameter of a gas engine which is to develop 
15 H.P. at 300 r.]).m. Assume a compression ratio of 4-5, adiabatic com- 
pression, a pressure at the end of explosion of 3501b. per sq. in., and an 
expansion index of 1-3. The stroke is to be 1-5 times the diameter. 

([J.L.. {Eng.), 1923.) 

11. A gas engine has to develop 20 B. H.P. witli a mechanical efficiency of 

80 per cent, when there are 80 explosions per min. Determine the necessary 
diameter of the cylinder if the stroke is 2 ft. The equations to the expansion 
and compression curves are of the form — constant; the clearance is 

one-fourth of the volume swept by the piston, and the maximum pressure 
after ignition is three times the compression pressure. 

B.Sc. (Eng.).) 



CHAPTER IX 


STEAM 


Properties of Steam. In HlcaiTi we have to deal with a fluid which 
may be (‘itlii‘r in th(‘ liquid or gaseous condition under normal 
conditions of temperature and pressure, and we can no longer even 
approximately ap])ly the simple laws of perfect gases. Under 
normal equilibrium conditions, a vapour, sutli as steam, if in 
contact with its liquid, is said to be in a saturated condition. If the 
mixture is now hc^ated, th(‘ liquid will gradually change into vapour, 
until just at tlu' point whei’c all ihr liquid has turned into vapour, 
the stuff is calk'd dry saturated vapour. Any further addition of 
heat to the dry saturatt'd steam will superheat it, and we have what 
is called a superheated vapour. For any particular pressun', there 
is only oik* tempt'raturc' at which tlu^ liqui(l will changt^ into vaj)our, 
this tempi'raturc' (c;alled the saturation t(unperature) remaining 
constant, provided the pressure is kept ('onstant, so long as there 
is any liquid k‘ft. As soon as all tlu' liquid has bt^m converted 
into vapour, the t(‘mperaturc will rise with any further addition of 
heat at constant j^r^'^sure. The behaviour of the su])erheat(‘d 
vapour will now approximate inore and more to that of a i)ejfect 
gas the high(‘r the temperaturi^ is removed from the saturation 
temperature corT(‘sponding to th(‘ jm'ssurc' to which the vapour is 
subjected. 

We have to consider the production of steam from wati'r, but it 
may be mentioned that the general ]jrinci 2 )k‘s whieli will be ap])lied 
to steam can be applied to other fluids with which we have to deal 
in both the liquid and vapour conditions. 

In steam we are by no means dealing with a perf(‘ct gas, and 
therefore the simple characteristic equation 

PV^ RT 

does not apply. 

Various characteristic equations have been formulatt'd to express 
the properties of a fluid in any state, none of which are^ applicable 
over an unlimited range of temperature and prc'ssure. The subject 
is beyond the sco])(^ of this work, and it must suffic;e to mt'ntion the 
characteristic equation given above (p. 67) as formulated by 
Callendar, which may be written 


where R and h dre constants and c is a function of the tt^mperature ; 
and V — volume in cubic f(u^t per pound ; P — PreSvSuro in pounds 
pejj s?][ua];e foot ; T = absolute temperatuiV! in degrees C. 



STEAM 


407 


Th£\propertiea of steam which have been calculated by Oallendar 
are embodied in his Steam Tables, excerpts from which are included 
at the end of this volume. If values from theses tables are (com- 
pared with those of other authorities, such as the Marks and Davis, 
or the Peabody Tables, discrepancies will be found. It may be 
pointed out, howevcu’, that any such tabk*s must bL‘ calculated from 
empirical formula based on exjxTimental results, and it is found 
that the Calleiidar Tables an^ not only in good agrecmient with 
modern rt'Sicarch, but also give values which are mutually consistent 
among th(cmselv(*s. 

Bj^lation of Pressure and Temperature in Saturated Steam. The 

temperatun^ at which a \k\\ud is c-on verted into vajiour by the 
additi(m of heal (l(‘j)i'n(ls on th(‘ pressure^ to which the fluid is 
subjected, and the liquid boils when heated to the* saturation tern; 
p(cratur(» corresponding to the (‘xt(‘rnal pri^ssure to which it is 
subjected. Hc‘gnault (tarried out classical investigations on the 
relation between t(‘m])erature and ])ressuT(s whmi wati^r was being 
converted into stt'ani. Th(‘ valiu‘S d(‘t'‘nniiu‘d, uj) to a tem])erature 
of 220'^ (^, agive wdthin narrow^ limits with thosi^ of later texperi- 
nieiiters. ModtTii apj)iicati()ns, howTve^r, r(‘qum‘ value's at higher 
teniperatur'S, and a considerable amount of w^ork has been carried 
out sinc(‘ Jiegnault's time, (‘ulminating in that of CJallendar, who 
has det(*rmined tin* cones ponding valut's of saturation temptu'ature 
and pr(‘ssur(‘ from his characteristic e(|uation for st(‘ani. These 
values are givem in th(‘ lirst tw^o columns of the Steam 1’ables. 
Thus, in Tabk' J, at a jm^ssure of l4 bS9lb. ]>er s([. in. absolute, 
w'ater boils at a t(‘m])i‘rature of I00‘" V , whili' at 1 00 lb. per sq. in. 
absolute, water boils at l()4'28'' (t 

Various att(‘inpts have been made from time to time to forinulatf' 
an (empirical formula exjuessing the r'lation betw(*i*n temperature 
and pivssim' for saturated steani. An (‘m])irical formula being 
based on (‘xperinu'iital results, its justifleation is that it gives values 
consistent with those results. A formula givt'ii by C/allendar, con- 
sistent wdtli his eharacti'risti(‘, equation, is 

logp - 21 •07440 ^ - 4-71734 log T |- 04057 (c - 6) ^ 

where p — saturation prt'ssure in pounds per square inch, T ab- 
solute saturation temperature (t, and b and r have the values given 
above (p. 08). This formula is somewhat cumbersome and, for 
cilementary purposes, int(*rmediate values not given in the tables 
may be obtained by dif e(;!t inti*rpolation. 

The Specific Volume of Steam. Direct experinn’iital (h'termina- 
tion of the volume per unit mass o# dry saturated steam is difficult, 
altlumgh a certain numbi'r of measurements ha^e b^en carried out, 
the best knowm bt'ing those* of Knoblauch, Linde, and Klebe. 
Values of Vga for tin* Steam Tables are more (easily hmnTl by 

27— (54:i4) '* 
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calculation from experimental values of other properties, the direct 
experimental results serving as a check on these values with which 
they are in very close agreement. 

The specific volume of dry saturated steam may be found from 
Clapeyron’s equation (p. 100), 


V = r 

^ sa • u 


i_ 

^ T dP 


dT 


where is the rate of change of saturation temperature with 


pressure at the absolute temperature T ; and is the specific^ 
volume of water at temperature T, and L is the latent heat. 

Various emf)irical formulae (‘xpressing the relation bidween the 
specific volume of dry steam and the saturation pressure have been 
put forward, among which are Rankine’s formula 
1 " 

constant ; 


and Mollier’s formula, deduced from Callendar’s equation, 

,,yJ-490 

where p is in pounds per square inch, and 1’^^ is in cubic feet per 
pound. 

The specific volume of steam, eithc^r dry, saturated, or super- 
heated, may be eakmlated from th(‘ (^.allendar characteristic (Kj[uation 

T /373-l\il^ > 

V - 154 108y,- 0-4213 ( ^ ) I 0-01602, 


where T is in (Centigrade absolute and P is in ])ounds per square foot. 

Latent Heat. In the formation of steam from 1 lb. of water at 
0° C. under constant atmospheric j^ressure of 14*689 lb. per sq. in., 
as heat is givc^n to the water tht^ temperature rises gradually to 
100° C. According to the usual definition of the pound calorie, the 
heat necessary to raisi! the temperature to 100° (J. would be 100 
calories. When the tcunperature has reached 100° (C. it remains 
stationary, any further addition of heat converting the water, at 
100° C., into steam at 100° (^ The amount of heat necessary to 
just change the 1 lb. of water at 100° C. into steam at 100° C. is 
called the “ latent heat ” at 100° C. 

If steam is to be formed at any other pressure P, the wate^r must 
first be heated to the corresponding saturation temp(‘rature T. 
When the water is at this temperature, then any furthcir addition 
of heat ■wdll (4iange the water into st(^amjat the same temperature. 
The values of the latent heat at various pressun^s are given in 
Table I of the Steam Tables, g 

Formation (ti Sfeam at Constant Pressure. Let us imagine that 
we have 1 lb. of water at 0° C. at the bottom of an upright cylinder 
of ci’ossi sectional area 1 sq. ft. On this water rests a frictionless, 
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weightless piston, the constant pressure on the top side of the 
piston being that due to normal atmospheric pressure, namely, 
14-689 lb. per sq. in. By definition (p. 42) the total heat of this 
water is 


E, + APV,^0 + 


144 X 14-689 X 0-01 692 
1400 


— 0-0242 calories (approximately). 

Eq is really not quite zero, as the pressure is not the vapour 
pressure at 0° C., but the increased pressure has no appreciable 
effect on Eq. 

Let the water now be given a quantity of heat Q calories, which 
changes the temperature of the water from O'’ C. to 100° (J., thii 
pressure above the piston remaining the 
same throughout, and the water expanding 
from Vq to Fioo- "^he total heat of the 
water will now be + APV^qq. 

As the heat has been taken in at constant 
pressure, then from pag(‘. 4H, 


14 '689 
Jbs.pen 
sq. inch . 


Q — ~ ^0 

—■^100 ^ 100 “ (^0 1 ' o ) 

^ -^100 “ ^0 AP ( \ ]L00 ^ 1 o) 

Now as the area of the piston is 1 sq. ft., 
it will rise a distance V F„, due to 
the expansion of the water, and therefore 
Fioo - Fq) is the external work done 
by the water t‘xpanding when taking in the 
quantity of heat Q. This external work 

144 X 14 089 (-01671 - -01602) 

IS equal to 


lb. 

' ^Water. 


j 


Area isq.foot. 

Fkj. 153 


■00105 calories, which 


is negligible compared to Q. Thus practically the whole of Q 
goes to increase the internal energy of the water. It will bi^ noticed 
that the equation Q = (Eiqq ~ ^o) + AP( F^qo ~ directly follows 
from the energy law dQ ~ dE 1- dW, for E^^q- Eq is the increase 
in internal energy and AP(Viqq~ Vq) is the external work done. 

At the point where the water is just at a temperature of 100° C., 
we have the total heat of the water Ji^qq Q + ha — Q + APVq, if 
is taken as zero. Any further addition of heat will now gradually 
change the water at 100° C. into steam at 100° C. In order to just 
change all the water at 100° C. into dry saturated steam at 100° C. 
we must give a quantity of heat, L, to the water, L being the latent 
heat at 100° C. = 539-3 calories. 

The total heat of the dry saturated steam H^q^ — /i^oo + 
heat has been taken in at constant pressure, and h^nce the change 
in total heat is equivalent to the heat taken in. During the forma- 
tion of the steam from the water, the piston will rise a«dis*lance 
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(Fgo “ Fjoo) is the specific; volume of dry saturated steam 

at 100° C., namely, 20*788 cub. ft. j)3r lb. 

Thus the part of the latent heat L which is used up in doing the 
external work due to the expansion of the water at 100° C. into 
st(^am at 100° C. cupials AP[V^a~ F^oo) 


144 X 14 080 (20*788-0 01071) 
1400 


40*45 calories. 


It will be noticed that the volume of the water is practically 
negligible com])ared to the volume of tin* steam, and hence it can 
be neglected in elementary caU ulations. The increase in internal j 
energy of the stulT as it changes from wati‘r at 100° (J. to dry steam j 
at 100° (t is, therefore, 539-3 - 40*45 — 498*85 calories. 

If dry saturated steam is to be fornn^d at any other constant 
pressure froiu water at 0° C., then the abovi* calculations still hold 
if the values for F and L, corrcisponding to the pressurt* undcT 
which the steain is being formed, arc tak(‘n. 


Thus, if I’^o — Specitic volumt* of water at 0° 

^ iSp(*cific volimn* of water at saturation temperature 
correspoiidnig to the ])ressinT at whi(‘h steam 
is to be formed. 


l\sa ►Specitic volume of dry saturated steam at pressure P. 
E(^ Internal t*n(‘rgy of wati‘r at 0° V. 

- Tntei*nal (uiergy of watiu* at saturation ttmi^u'ature. 
-- Int-ernal (‘jicrgy of dry saturatial st-t'am 
L — - Latent heat of sti*am at pressure P 
h = Total lK‘at of water at saturation temperature*, 
li — Total heat of dry saturatt*(l steam. 


we have frojii the fact that heat taken in at coiistant prv‘ssure is 
equivalent to the change* in total heat, and also from tin* basic, 
energy law, 

E Q + AI\ \ -- /^o ) 

AP{V,,~ Fo) Q) ~^ ' 

AP[\\,,^ FJ-- L -^L 

Also from the definition of total h(*at. 



_ iAP\\ 1 ,, - AP(\\„ - 1\,) + AP(l\, ~ V,) -I AP\\ 
(/c- Kj -\- (/c-a;„) b Eo 

We see that thi*. total hf*at of dry saturated steam h L, 

where h is tht*. total h»‘at of the liquid at saturation temperature and 
pressure, and Zy*is th(* latent heat of steam at tln^ saturation pressure. 
It should be notict*d that l)y our definition the total heat of dry 
steam is, not the latent lieat plus the heat given to the water while 
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its temperature rises from 0" 0. to the saturation temperature. 
It is made up of these two quantities together with the term 
although this term for normal pressures is small compared with 
the values of Q and L. 

Specific Heat of Water and the Mean Thermal Unit. The variation 
of specific hc'at of water with temperatun', as d(‘t(‘rmined by 
Callendar and Barnes, is shown above in Fig. 20 (j). 40). Hence 
the heat taken in by water while being raised from tempe^rature 

to temperature is not exactly equal to (^ 1 -^ 2 )* The; mini- 
mum specific heat is now taken as • 99660 and it has this value at a 
temperature*, of 37*5° C. Owing to this variation of specific heat, it 
has been found convenient to formulate a mean thermal unit. The 
mean pound caloric* may bc^ defined as the* one-hundredth part of 
the amount of heat necessary to raise the temperatun*. of 1 lb. of 
wat(‘r from 0“ to 100° under a constant pt-f^ssun* of 1 standard 
atmosphere*. 

In view of the* fac^t that the heat is assumed to be tak(*n in at 
constant pressure, this unit may also be dehned as the*, ont'-hundrc'dth 
part of the cliangt* of tlu* total h(*at of 1 lb. of water Avhen heated 
from 0° to 100" (^, under constant pressure of 1 standard atmosph(*rc, 
By this dc‘6nition, if the total heat of wat(‘r at 100" under a 
pressure of 1 standard atmosphere (14-689 lb. /sq. in. London) is 
taken as 100 lb. (;alori(*s, then water would have zero total hc'at at 
0° C. and under a pressure of 14-689 lb. p(*r sq. in. But from the 
last jiaragraph we s(U*. that, by thr d(*finition, tin* total heat of this 
water will be equal to 


144 X 14-689 X 0-01602 
1400 


0-0242 calorie. 


(Villendar therefore* dt*fines the m(*an [)oimd caloric* as the one- 
hu]idr(*dth part of Ihc^ change in total heat of wati*r betw(*en 0" V. 
and 100° (t, whc*n flic* Avatc*r is hc*atc*d under the, mri/ing pressure of 
its OW71 vapour only. 


By the* hrst definition we have* 

100 — \- AP - (/l/y 1 0 ) 

By (Jallc*ndar’s definition, 


100 --- A\qq AP^qq\ 100 (Af, |- 




(Ullendar’s definition ther(*fore exceeds the usual dc*finition 


the tc*rm A (/'^joo “ ^ 0 ) ^0 ~ 


144(14-689-0-0892)0-01602 


1400 


yy 


— 0-024 lb. (‘alorie. 

This difference bc^tween the usual dc'finition and the* Callendar 
definition of the mean unit of hetat, namely, li)-0^4 lb. -calorie in 
100 lb. -calories, is beyond the limit of experimental accuracy in the 
determination of the heat unit, and hc*nce, at the expense* of this 
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error, we have the convenience that the total heat of water at 0° 


and 100° C., is zero and 100 lb. -calories respectively. 

Formation of Superheated Steam at Constant Ihessure. If dry 

saturated steam takes in heat at constant pressure the temperature 
will rise and th(^ steam will become superheated. If the specific 
heat of st(‘am were constant for all temperatures and pressures, 
then the heat taken in would be - f 5 a),where is the tem- 

})erature to which the steam is superheated and saturation 

tem])erature (iorn'sponding to the pressure at which the steam is 
being heatcvl. The specific heat of superhc^.atc^d steam, however, 
falls V, ith rise of t('m|)('rature and rises with rise of pressure, as shown 
in Fig. 154. I 

An ap])roximate value of the heat talam in may br^ found by\ 
])ulting for in th(‘ above (^xprt'ssion the mean value betw(^en the 

tempeTatures of saturation and 
supc^rheat for tin* particular pres- 
sure in question. The required 
values of Cj, may be found from 
a chart or from tables. Thus, 
if dr}^ saturated steam at an 
absolute pressure of 100 lb. per 
sq. in. (saturated t(‘-mperature 
1 04*28° C.) be superheated to 
800° 0., the mean specific heat 



Temperature . 
Fk;. 154 


will I» "'5!^ 


O MD. 


The hf'at taken in while super- 
Jieating 1 lb of dry saturated sf(‘am by this amount will tluTcdore 
be approxit)iat(‘ly 0-588(800- 104-28) — 72-84 lb. calories. 

As the heat taken in by a fluid at constant pressure is ('qual to 
the change' in total heat of a fluid, an approximate expression few 
the change' of total heat of a fluid while l)e*ing heat;('d from the dry 
saturated state is ~ Hence the te>tal heat of superheated 

steam is a))pre)ximately ^ L + More exayt 

valiu'S of are given in the steam tables (Table III), and hence the 
amount of lu'at Q ,2 taken in during the superheating from the dry 
state may be ealeulatt'd from the' e'quation ~ Hj,u ~ ^sa- 
example*, the* amount e)f .superheat in steam at 1001b. X)er sq. in. 
and 300° C. is /,„ - /,,« = 300 - 104-28 135-72° 0. Hence, from 

Table III, the total he*at is, by interpolation, 733*15 calories, 
while the total heat of dry saturated steam at the same pressure is 
661-83. Hence the heat taken in during the superheating is 
733-15 - 661-83 = 71-32 lb. calorics per lb'. 

The heat Q 2 is used in raising the internal energy of the steam, 
and also in cloin^ external work as the steam expands. The 
external work done will be AP(F,^- Vga) where is the specific 
volume ^of the superheated steam. The volume of 1 lb. of 
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superheated steam at 100 lb. per sq. in. and 300° C. is 6-0509 cub. ft. 
(Table V). The external work done in the above example is 


therefore 


144 X 100(6 0509 - 4-4509) 


16-46 lb. calories per lb. 


The change in internal energy will therefore be 71-32 - 16-46 — 54-86 
lb. r-alories j)er lb. 

The mean specific heat of superheated steam can be obtained 
from Table III. Thus, suppose the specific heat of steam at 100 lb. 
per sq. in. superheated 20° C. above the saturation temperature is 
required. The total heat of dry saturated stivam at 100 lb. jjcr 
sq. in. =- = 661-83 lb. calories ; while the total heat of the 

steam if at 100 lb. per sq. in. and superheated 40° C. — — 683-70 

lb. calories. Hence, as heat taken in at constant pressure is 
measured by the change- in total h^at, the inc-an specific heat 


//,„ - //,„ 683-70 - 661 -S3 

40 “ “40 


0-547 


This is, therefor(*, the a[)proximate valium of the- specific, heat 
of superheated stt-am at 100 lb. per .sq in. pre-ssure, and at a 
temperature of 164-28 + 20 - 184-28° C. 

Empirical Formulae for Total Heat. The formula us(-d by 
(^ill(*ndar to represent the total heat of water is 

V 

h-.si + L 

* s<t ^ tv 

V 

The constant ()-0()3 is tlu- value of the term L at0°C., 
594-27 0-01602 ^sa~ Vw 

namely, ^12^5 9 “ q hence tht- formula gives zero value for 

h at 0° V. Foi‘ |iarticulars as to derivation of this formula, ref(-.rence 
.should be made to Professor H. L. (Jallendar’s work.* 

An oft-quoted formula for dry saturated steam is that of Regnault 

I^so ^ <)06-5 -|- 0-305^ calories 

where t is the temperature in degrees Centigrade. 

• This equation, however, while giving a fair value betw(-en 100° C. 
and 200° (t, is inconsistent below about 100° C., and is more or 
less useless for e*xact calculations. 

The formulaf of Professor E. H. Griffiths for saturated steam at 

fC. 

//,„ - 596-73 + 0-4«° 

agrees more closely with the results of experiment, taking the thermal 
unit at 15° C.; and with Joly’s determinations gives consistent 
results. 


* Properties ')} Steam and Thermodynamic Theory of Turbines by H. L. 
Callendai*. • • 

^;Ph^L Trans. Vol. CLXXXVl, 1895, p. ;U9 ; and Proc. Phy. Soc. 2(}, 

1913 - 
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A formula given by Callendar for steam either dry or superheated 
/13 \ 144 

is H ^ ()-4772T “ ( ^ ~ 0-016 j ^ p 4 464 calories 


- 04772T 




- 0-0037) 

2-^l7r“ 


p 4 464 


where p is in pounds ])ct square in(4i. 

From this equation a value for II in terms of ])ressurc‘ and voIuiik*, 
can be derived, 


^ 8a P 


(14,-001231 

2-2436 


4 464 calories. 


By inverting this formula a eonvenh'nt (^x])r(‘Ssion for the specific 
volunu^ of dry steam is obtained, 


1 ' 


.SVI 


2-2436(7/,, - 4()4) 
P 


-I 0-0123 cub. ft. 


(See Fxam|)l(‘s, p. (i!).) 

Entropy of Water. TIk- inereast- of entropy of a Iluid when 
taking in a quantity of lu‘at <IQ in a revi'rsibk^ rnannc'r at a constant 

absolute teinj)i‘ratiire 7', is mi-asuri-d by r/^ - If the lu-at is 

taken in at a ti'in])erature varying from to 7’j,, then th(‘ change* 
of entropy is 


(^>2 



» 


When h(*al is taken in at constant jirc'ssuri- 

jr, Jt, 

wlu'ii* Cj, is till* s|)eeifie h(‘at of th(* fluid at loiistant ])r('ssur(‘. If 
64 is assumed constant for all temperatures, this (|uaiititv ri-duces to 



Entro])y is g(‘n(*rally taken as Z(»ro for a fluid in tJu* liquid slatt* 
at 0°(t Hen(!(*, taking the speiafie heat of water as constant and 

ecjual to unity, tlu* (-ntropv of 1 lb. of water at absolute tem- 

T 

perature T is a]q)roximat(‘l\' log^ . Tin* ('hange in (mtnqiy whik^ 

Zio rp 

heatinir I lb. of watiT from Tj to T, will be logf . 

• M 

Values of entropy of water measured from 0° C. are given in 
Table I of th(3 Steaiji Tables. • 

Entropy of Steam. When 1 lb. of water at the saturation tem- 
perature is changed into 1 lb. of dry saturated steam^ the latent 
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heat L is taken in at the constant saturation temperature 
Hence the change of entropy in evaporating 1 lb. of water a,t Tg 

Ij 


to 1 lb. of dry saturat'd steam is 


This quantity is sometinu's 


balled the entro})y of evaporation.” The (uitropy of dry saturated 

L T Jj 

steam is therefore (f,,„ ^ + j, =- 073 T ' 


Suppose the 1 lb. of dry saturated steam is now superhi'ated at 
constant pr(\ssur(‘ to a tem])erature The* inerease of eiitnqiy 

during su})i‘rheciting will be 



C,dT 

T 


As lias already be(‘n jiointed out, the s[)e( ific h(‘at for superheated 
steam is by no mc'ans constant, but a fairly ajijiroximate valuta for 
the increase of (‘ritro])y may be obtained by taking for the value of 
(\t the mean vahu^ ludween the temfieralnre of saturation and 
siip(‘rh(Nat. With this assumption 

' i>a 

and tiu' (‘iitropy of sui)(‘rh(*at(Ml st(‘am at a trmqrerature 7',,^ may be 
written 




' S»J ^ btl 


Values of erntropy of dry saturated steam are given in Table I, 
‘and valiK's of (mtropy of superhe.ated steam are given in Table IV 
of th(‘ Steam Tables. 

Wet Steam. Whe^n steam vapour is in contact with water it is 
said to be AV(‘t. The dryru'ss fraction of steam is measured by the 
pro])ortion of th(‘ stulf whi(*li consists of steam vapour. Thus, 1 lb 
of steam of 0-9 dryn(‘ss fract ion would contain 0-9 lb. sU‘am vapour 
and 01 lb. water, all, of eours(% at the same temperature. From 
this it> follows that to produer' 1 lb. of steam, of dryness fraction 
say 0-9, from 1 lb. water at the timijierature of saturation corre- 
sjionding to th(‘ exb'i nal pressun', the heat required Avould be 0-9 />, 
when L is tlu' labuit lu'at of steam at th(‘ pressure considered. 
Henei' tin* total luvat. of w(‘t sti*am is 


^ h + xL 

when' X is tht* dryness fra(‘Tion and h is the total heat of the water 
at the, saturation tempcTaturt'. 

As h and xTj 

then X ^ . 

aai expression for dryru'Ss fraction in tiuins of total heat. 
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The specific volume of wet steam must obviously be 

As the specific volume V^, of the water is small compared to the 
specific volume of steam, it is for elementary purposes generally 
sufficiently accurate in the case of nearly dry steam to take the 
specific volume of wet steam as equal to xV ga- 
in the formation of 1 lb. of wet steam of dryness fraction x, the 
heat taken in is xL, and hence^ the entropy of 1 lb. of wet steam will 

he<l>.=-<f>u f 


— 4>u, rp ^<f>r ^ <j^u 

I ^ n 


xL 

f,„ 




(I 


From th(‘se (‘(piations, rcmemlxTiiig that Z/^. — h -\~ xL, we get 
A A 

0.r ■ Yw - ni 


and 









The Temperature-Entropy Diagram for Steam. In this diagram 
values of entropy for 1 lb. of fluid are i)lotled horizontally And 
values of temperature vertic.ally. If th(‘ values of entropy of 1 lb. 
of water at various temperatures are plott('d against the corre- 
sponding temperatures, the line AB (water \mo), l^ig. 1 55, is obtained . 
In the same way, plotting corresponding values of entropy and 
temperature for dry saturated steam will produce the line CD 
(saturation line). These two lines merge into one another at E, the 
temperature of which is the critical t^^mperature for steam (365° C.). 
Charts for ordinary practical purposes, however, are not carried up 
as far as this point. In the absence of tabkvs, the approximate 
value of any poin^. B on th(‘. wafeer line at an absolute temperature T 

T 

can calculated from the expression logg 
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If water at T° is heated at constant pressure it gradually changes 
into steam at the same temperature, and attains a dry saturated 
condition when it has received a quantity of heat L, its entropy 

increasing by the amount Hence the horizontal line BC of 
L ^ 

length — represents the conversion of water into steam at constant 


pressure, the point B representing 1 lb. of water and C 1 lb. of dry 
steam, any intermediate point representing wet steam. Thus at 
F, half-way between R and C, the difference in entropy between 

F and B is | the heat given to the water in passing from 5 to C 


is \L, and the dryness fraction is 0-5. Thus, by dividing the line 
BC into, say, 10 equal parts, the various points so obtaim'd will 
ri'present steam of dryness fractions varying by one-tenth. A little 
thought will show that tln^ dryness fraction at any point K will be 


measuri'd by th(^ ratio 


BK 

BC 


If the dry saturated steam at the point C is heated at constant 
pressure it becomes superheated to some temperature The 

actual valiK', of the entropy of superheated steam at the tem- 
perature and pressure P, can be obtained from the steam tables 
and henec^ various points on the constant pressure line CG may be 
found. An approximate value of the change in entropy as the fluid 
jiasses along the constant pressure line from C to G can be calculated 
from the exj)ression 


^ ffi ' • 

sa 


By drawing constant yin^ssure lines such as BCG for various 
pressures, then dividing each horizontal portion between the 
boundary curves into 10 equal portions, and joining correspondingly 
numbered points, we can obtain constant quality lines as shown in 
Fjg. 155. 

Constant volume lines may be 
drawn on the chart in the following 
juanner — 

At a pressure of 152 lb. ])er sq. 
in., the volume of 1 lb. of dry 
saturated steam is practically 3 cub. 
ft. If AB, Fig. 156, is therefore 
the 152 lb. per sq. in. pressure- line, 
the six^eific volume of thfe fluid at 
the point P is 3 cub. ft. Neglect- 
ing the volume of the water comjfarcd to that*of the steam, the 
volume of the fluid at the point A may be taken as zero. Now, 
in passing from A to P, the volume of the fluid increases as stream 
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is formed, in proportion to the heat taken in, and hence in pro- 
portion to the increase of entropy. Hence if AB is divided into 
three equal parts, points corresponding to volumes of 1 and 2 cub. 
ft. are obtained. At 89 lb. per sq. in. the specific volume of dry 
steam is practically 5 cub. ft. Hence, if CD is the 891b. per sq. 
in. constant pressure line, and it is divided into 5 equal parts, points 
representing volumes from 1 to 5 are obtained. By proceeding in 
the same way for other pressures and joining correspondingly 
numbered points, the various constant volume line's may be 
obtained. It must be rememb(‘red that if exact conditions are 


required, the volume of the water must be taken into aceounip 
although this correction is very small under normal conditions. 

On a temperature entropy chart (]3. 523), it will be seen that for 
any point betweem the boundary lines the fluid is wet steam, ami 
its dryness fraction, pressure, temperature, specific volume, and' 



Ki(i. 157 


entropy may be read directly. 
Points to the right of th(i satura- 
tion line represent superh(*at('d 
steam, and pressure, temperature 
and entropy may be read of! the 
chart directly. 

Points to the left of thi^ wati'r 
line reprc'sent water, [f any con- 
stant pr(‘ssure line such as CCB is 
produced into the water area it 
will c'ome down sorm^ swell curve 


at BM, Fig 155. Owing to the inc()m])ressihility of water, how'- 
ever, tlu'se' constant ])rt\ssure curvi's in the watt'r n^gion are practi- 
cally indistinguishable* from the water curve AB, so that, for all 
practical purposi^s, in h(‘atiiig wati'r from one temperature to 
another at constant ])r(*ssur(^ wi* can assume we pas.s along tlu^ 
( urve AB. 


Let us now consid(*r what thcj various ar(*as on the cliart r('])ri‘sent. 
It will be rem(*inbi*red that areas under a temperatun^ I'litrony 
curve represent the heat taken in or given out as the state of tm* 
substanc't* passes along the* curve. 

Thus, in Fig. 157, the area A BCD rejiresents the hi'at necessary 
to change 1 lb. of water from the state A to the state. B. U A 
corresponds to a temperature and B to a ternperatun* Tj, then 
the area ABC!) practically re])res(mts the heat n(‘C(%ssary to raise 
the temperature of 1 lb. of water from Tg to T^r If the heating is 
carried out at constant pn^ssure this is equal to hj - ho where 
Aj and Ag are the valuers of the total heat of water at and 
Tg respectively, the pri'ssure being the same in each case. 
Hence area j^BCJD = Aj -- Ag. * Neglecting the variation in the 
specific heat of water, this may be taken as approximately equal 
to Ti-Tg- 
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The area BEFC will re})resent the heat necessary to convert 1 lb. 
of water at to 1 lb. of dry saturated steam at the same tem- 
perature. This quantity is, of course, L^. This also follows from 
the fact that 

BEFC - BE X X T, 

* 1 

It may also be noted that .47/ is the increasi', of entro})y of water 

T 

when it is heated from 7^^ to T^. Hence ^4/7 — log^ ~ approxi- 

I 2 

mately, and therefore ^47 l ^ .477 | II K — log6^- f- 

1 1 

The Total Heat-Entropy Diagram for Steam (Mollier Chart). 
Fig. 158 shows an 11(f) chart devised by Mollier, in which total ht‘at 



is plotted vertically and entro})v horizontally. The water and 
saturation curv(‘s can be plotted directly from the tables, tht*- two 
portions really forming one curvt‘ if ])lotted far enough. Within 
the wet rc'gion, bidween the two boundary curves, any point A. 
cofresjioruling to a saturation prc‘ssure p and dryness fraction x, 
can be d(‘tc*rmined from the expressions 

Il^^h \ xL 


By joining up points of correspojiding dryness fraction, the constant 
quality lines an^ obtained, while a (constant lu’essure line passes 
through all ^Joints representing the same ])ressure. 

The slop(‘ of a constant pressure^ line is obviously measured by 

dH * * 

-j-r. Now it has been shown (p. 43) that when heat is taken in by a 
d(f) 

fluid at constant pressure, the heat taken in is (‘quivakmt to thy change 
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of total heat of the fluid. Hence ^ ^ = T by the deflnition 

of entropy. Therefore the slope of a constant pressure line at any 
point measures the temperature at that point. In the wet region, 
as water changes to steam at constant pressure, the temperature 
remains constant until the fluid becomes dry steam. Constant 
pressure lines in the wet region are therefore straight, and their 
slope measures the saturation temperature corresponding to the 
pressure. 

To the right of the saturation line is the superheated region, 
Any such point as B at a temperature and pressure P can bo 
I plotted from the tables 


Dry 

Region . 
■z-£2[!stant 


J*/ op 




Pressure . 
Temperature • 


total heat and entropy for 
superheated steam. In tlm 
absence of such tables,! 
approximate values may be \ 
obtainf'd from the equations \ 


'06 fi rp ■ 

' s« 

liy joining up [)oiiits of 
corrt‘-sponding temperatures 
and corresponding pressures 
r(‘spectively, constant tem- 
perature and consiant pres- 
sure lines are obtained. 

It should be noticed that, 
as an adiabatic expansion 
of a fluid is one in which 
the entro])y remains con- 
stant, adiabatics on this 


chart, as well as on the t(‘m])e‘raturi‘ entropy chart, are vertical 
straight lines. 

Only the region round the saturation (jurve is included in 'an 
H<l> chart, as this is all that is necessary for ])raetical purposes, 
the very wet region not being often requirt^d. 

The Callendar Steam Chart. In this diagram* pressure* is plotted 
horizontally, not on a linear scale but to a logarithmic scale, and 
total heat is plotted vertically to the usual linear scale. Alongside 
the pressure scale is the corresponding saturation tiunperature 
scale, the temperatures on this scale being th(i saturation tem- 
peratures at the pressures coinciding on tht* pressure scale. By the 
use of the logarithmic scale, equal horizontal intervals on the 
diagram represent equal ratios* of pressures, a great convenience in 


* The “ Callendar Steam Diagram,” and the “ H(f} ohart,” from Steam 
Power by Professor Dal by, published by Messrs. Edward Arnold & Co., 
London y can be purchased separately, price 6d. each. 
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practice. The diagram also gives a more open scale for pressure 
than is the case in the Mollier diagram. 

For the sake of clearness, one line of each type included in this 
diagram is shown in Fig. 169. The saturation line with the wet 
region below and the superheated region above is nearly straight, 
and slightly inclined to the horizontal, the constant quality lines 
running below and more or less parallel to it. Constant pressure 
lines are obviously vertical straight lines through the diagram. 
As water changes into steam at constant temperature if the pressure 
is kept constant, the constant temperature lines in the wet region 
will also be vertical straight lines. They become slightly curved 
in the superheated region and run nearly horizontal, any su(‘h 
constant temperature line in the superheated region, of course, 
starting on the saturation line at a point vertically above where 
its particular temperature is indicated on tht; horizontal tem- 
perature scale. The constant volume lines are slightly curved and 
change their direction at the saturation line. The adiabatics or 
lines of constant entropy are curved and run down from right to 
left. 

Interpolation can be easily carried out by the use of scales 
Logarithmic scales are required for interpolating between tin* 
pressure lines and also between the volume lines. For inter- 
polating between the adiabatic; lines, a curved paper template may 
be used. It will be found that these curves are not all of the same 
curvature, but a template cut to the mean curvature of the various 
adiabatics on the chart will be found sufficiently accurate for most 
purposes. 

Example 1. Find tho internal energy nf a cubic foot of steam at 1601b. 
per sq. in. absolute ])i‘essitre and of dryness 0-7. Calculate the change in 
internal energy if this stc^am is expanded until its pressure is 1 lb. per sq. in. 
absolute. (1) if the expansion is hyperbolic ; (2) if the expansion is at constant 
oniropy. 


Total heat of 1 lb. of steam at 150 lb. p sq. in. and 0-7 dryness 
fraction by Table I, 

^ I 4 . xh -= 183-59 -\- 0*7 X 482-1) = 521-62 lb. calories. 

This value can be taken direet from the Hcf) chart by liiiding the 
point where the 150 lb. sq. in. line intersects the 0-7 dryness 
line and passing horizontally across to the total heat scale. From 
Table I the volume of lib. of dry steam at 1501b. per sq. in. 
3-041 cub. ft. - 

The saturation temperature at 1501b. per sq. in. ~ 181-31 , and 
at this temperature the volume of lib. water — 0-01 8 approx. = 1 
■ volume of 1 lb. of steam at 150 lb. per sq. in. of 0-7 dryness 
xV,^ f.(l -x)Vn, 0-7 X 3-041 •+ 0-3 X 0-01^ -.2-1341 cub. ft. 


/, 1 cub. ft. of this steam weighs 

I 


213 


lb. 
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total heat ^ f,- -- 244-9 lb. e.alories. 

1 ■ 3 J fS 

144 

internal energy = 244*9- x 150 X 1 

= 244-9 - 15-43 ^ 229-47 lb. calories })^^r cub. ft. 

(1) Bt^fore hyperbolic {PV — constant) c‘xpansion P^Vi=l^i) X 1 
after hyjierbolic (‘xpansion to I lb. })cr sq. in. 

1 ^0 V I 

V^olunie I'., — — -- — ^ 150 cub. ft. 

1 


This volume is part steam and part wakn*. 

Voluim* of 1 lb. dry steam at 1 lb. p(‘t’ sq. in. — 333-1 cub. ft. — Tj) 

Volume of water at saturated temperature corri^sponding to 1 Ib^ 
])c*r sq. in. — O OKil cub. ft. 


150-a’r.sq f (i-^)r,„ 


.r >: 333-1 1(1 - .r)()-01(il 

2-13 ~ 


.r - 0-9(>. 

total heal after hyperbolic* (‘Xj)ansion 
h I jtL 


//. 


2-13 


(from lablc‘s at 1 Ib. ])er sq in ) 


3S-02 -KI'90 X 573 S4 
2-13 


— 27()-7() lb. calori(‘i 


This valiu* can bt* obtain(‘d more (jiuckly from the Calhmdar chart 
thus : The volume afttu* (‘X|)ansion is 150 cub. ft. 

/. the volunu*, of 1 lb. is 150 >: 2-13 — 320 cub. ft. approximately. 


13u‘ value of total 


The constant volume line eorr(‘S]»oiiding to 320 cub. ft. is found 
on the chart by inter}K)lation. From tin* point of mterst'c.tion oi 
the line thus found with the I lb. per sq. in. ])ressure line pass 
horizontally to the total h(‘at scale* on the* lc*ft. 
heat thus obtained must f)e divid(‘cl by 2- 1 3. 

H,-APJ\ 

1 44 


The int(‘rnal eiu'rgy P., 


= 270-70- 1 5-43 


1 50 

20 1 -33 lb. calories. 


/. ehang(‘ in internal (*nergy dut* to hyperbolic' (*x])ansi()n 

— — 201-33 - 229-47 — 31-80 lb. calories increase. 

(2) The value of tlie total heat aft(‘r (*xpansion at constant entropy 
can be calculated or obtained ^ir(*ct from tlu^ H(j> chart thus : From 
the point o*f fntet’section of the 150 Ib. per sq. in. line A^ith the 0*7 
dryness line*, drop a vertical line* to cut the 1 lb. per sq. in. line. 

The v$lu(* of the total h(*at of this point r(*ad off on the H scale is 

f I 
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thus -£^3 == 388-5 lb. calories per lb. The dryness fraction is 
read off the chart as 0-61. Hence the volume \\ is 0*61 x 333-1 
(neglecting th^^- volume of the water) — 203-2 cub. ft. per lb. 

internal energy H^ — AP.^V^ 


144 V 1 

= -T4(ir X 


388 5 - 20-9 -- 307-6 lb. calories per lb. 
internal energy p(*r original cubic foot 

~ 172-58 lb. calories. 

change in intt*rnal energy dm* to expansion at constant entropy 

— E^ - E^ = 229-47 - 172-58 — 56-89 lb. calorh-s, d a-reas^^. 

Example 2. C'alculute tlie iiit<*rnal energy of 1 cub. fl. of steam at 1281b. 
per sq. in., absolute pressure, and bavirig dryness 0 95. If this steam exjmiid 
h 5 rperbolically until it is just dry and saturateil, find (he bnal pressure of the 
steam. How much heat must be adtled to the steam during expansion ? 

{V.L , li.Sr. {Knq.), 1925.) 

Volume of 1 lb. ot dry st(‘am at 128 lb. ])er sq. in. 

— 3-531 cub ft. (from tabl(*s). 

volume of 1 lb. of this wet steam ~ 3-531 X 0-95 = 3-354 cub. ft. 

W(‘ight per cubic foot — ~ lb. 

3-354 


Total heat of 1 lb. of this steam 


H, - h f xL ^ 176-37 H 0-95 x 488-28 

(by interpolation from tables) 

- 640-24 Ib. (-alories })er lb. 


total heat per cubic foot, i/j 


64024 

3-354~ 


191 lb. calories 


•. inti'rnal tuiergy, E^ 


lh~Al\\\ 

144 


191 


1400 


X 128 X 1 


- - 177-8 lb. calories per cubic foot. 
To (ind pressure P.y afttw hypi'rbolic (‘Xpansion, we havt* 
P^\\ - 128 V 1 X 3-354 -- 429. 

From the tables w(‘ havt‘, for dry saturated steam — 


r 

V 

rv 

100 

4-^J 

445- 1 

70 

6-218 

%35-S 

50 

8-520 

420 

40 

10-5 

420 

20 1 

2008 

401-0 


■28 H 5434) 
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By plotting the value of PF against the corresponding value of P 
we find that PF = 429 for dry saturated steam when the pressure 
Pg = 56 lb. per sq. in. 

It is interesting to compare this with the value obtained from the 
equation connecting pri^ssure and volume for dry saturated steam, 

pyvo _ 49 Q have PF — 429. 

429 ^® 

From these two equations, P - 

490^^ 

whence Pg — 58-4 lb. per sq. in. 

At 56 lb. per sq. in. the total heat i/g of this dry steam 
— 654-95 lb. calories })er lb. 

The specific volume I^g ^ 7-663 cub. ft. pc-r lb. 

The heat added 


rVi F, 

Q ^ / (IE +J rdn^. - El 4 A l\ Vi log y 

= -Pi\\) I AI\\\ 

* I 

— I + logf sin((> J\]\ — PJ'.^ 

144 7-663 

0r,4-9r>-(i4O-24 1---^^- X 429 x 2-3 X logm 3 .^ 

” ”~3V)4 

= 15-3 11). calori(‘s. 



The Adiabatic Expansion of Steam. The normal adiabatic expan- 
sion of steam is best shown by means of the temperature entropy 
chart. Let A, Fig. 160, represent the state of IJb. of dry saturated 
steam at pressure Pj and saturation temperature T^. Let this 
steam expand adiabatically to B at some lower pressure P^ and 
temperature Pg Since in adiabatic expansion the entropy remains 
constant, AP is a verti(ial straight line, the point B being in the 
wet region, thus showing that on adiabatic c-xpansion, dry steam 

FB 

becomes wet, the drvness fraction being measured by the ratio 
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In order to obtain a general expression for the dr 3 niess fraction 
after expansion, let wet steam, represented by the point 6^ expand 
adiabatically to D. Then, if 1 refers to the higher temperature 
and 2 to the lower temperature Tg, we have 

Entropy at C ~ entropy at D 






Thoroforo x.^ 1- 

If the steam is originally dry, then 

In the absence of tables, remembering that ihe^ entroj)y of water 

T 

is approximately given by logg 

A 1 15 


x„ 



+ 


x.,L,\ 

j 


T 

7^ aintroximately. 


■og( 


Ti 

T, 


a-iLj 

r. 


X ) W 


It is instructive to obtain this expression direct from Fig. 160. 
The length FK re])resents the (change of entropy as water is heated 
from at a pressure P 2 ^ pressure that is FK=(|)^^l - <f>yj 2 


Now 


FG 


KD 

FG 


FK + EC _ 


rxLi 

T, 


FG 




In order to investigate the adiabatic expansion of superheated 
steam, let AM and GN be the constant pressure lines for pressures 
P^ and P 2 respectively in the superheatcjd region. Then, after 
expansion from some superheat temperature the steam may be 
either still superheated, as in the expansion MiV, just dry, or wet, 
as in the expansion QR. In order to calculates the dryness fraction 
of the point 2?, we have 


Entropy at Q = entropy at R 

A _ ^ 4 ^^2 

Yau — Yw2 "I" rp ■ 




If we use the approximations gijven in a previous paragraph, we 
have • 

273 "{(■ ~ 273 
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whence log. ^ IP, log, = 1,«, 

*! “ jlog.ji'- |- jl’ + C.log, jJ^j 

As in the pn^vious ease, this expr(*ssion may be derived direct 
from the diagram for 


FR _ FK t KB + BR FK f EA + AS 

Fa ~ Fa ■ F'a / 

iog4; + ^ + f’..J"gf 

^ ^ \ ^• 

T, 

If a pressure volume curve for the adiabatic (expansion of wet or 
dry saturated steam from some pressure is retpiin'd, it may be 
obtained by calculating from the foregoing equations the dryness 
fraction x due to (expansion from the pressure^ P^ down to some lower 
pressure. The volume at this loM^er pressure may them be calculated 
from the equation 

-- I 


This may be done for expansion from the pressure P^down to 
various pressures, and henc(‘ th(‘ eurv(‘ may be plottc^d . ^ 

An approximation to this curve may be obtained by assuming 
that adiabatic ex[)ansion of steam follows the law PV^'^‘ =-. a con- 
stant, where m can be calculated from Zeuner’s equation, m — 
] -OSo + 0-lx, where x is the dryn(\ss fraction at the bt*ginning of 
the expansion. This method will obviously be only an approxima- 
tion, for m depends on the valu(^ of the drym^ss fra(^tion at the start 
of the expansion, and therefore curves obtained in this way starting 
at various dryness fractions will not coincide. 

A curvi^ correct at the initial and final pressures will be obtained 
if wv make ^ 7^2 

log Pi t- 7n log Fj log P 2 + m log Fg 


^ log Pi -log P 2 
log log Vi' 


In the case of the adiabatic (*xpansion of steam which is initially 
superheated and finally wet, we have two stages, QU and UR, 
Fig. 160. In the first stage, down to the point U where it is just 
dry, the fluid behaves more or l|ess as a gas, and Callendar shows 
that the expan^fion closely follows the law 

P(F - — a constant. 

whtre b = 0-016 cub. ft. per lb. and for ordirAiry work is negligible, 
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except for high pressures. The second stage, UR, of the expansion, 
proceeds as described above for wet steam 

Experiments at McGill, in 1895, on the law of condensation of 
steam, led to the conclusion that, for the adiabatic expansion of 
dry steam, the law connecting pressure' and temperature was 
P 

given by constant. 

rpTs 

Now Callendar’s characb'ristic (‘quation for st(*am can be written 

HT 1 

( r - 6) — p - c \ where R is a constant, and c varies as — 

rpH 

Combining th('S(' two et[uatio7is, we obtain for the adiabatic 
exj)ansion of dry sti'am 

P 

f:j ~ constant ; P(V - by ^ — constant ; 
y Y ( -- h) constant ; = constant. 


It may be therefore assunu^l that superheat'd steam expanding 
adiabatically closely follows thesc^ equations as long as it remains 
dry. 

Example 3. (’aloulato as accurately as the si earn LaVjles permit the tiiial 
dryness fraction of steam w)uch has expanded adiabaticallj'^ from an initial 
state of 1001b. per sq. in. absolute and 200° C. to a pressure of 151b. per 
sq. 111 . absolute. The specific heat of steam at 1001b. per sq. in. is 0-55. 

If this expansion be rcjireseiited by the equation — constant, what j^s 

the value of n, satisfying initial and final conditions 

{r.L., B.Sv. {Kng.), 1925.) 




{a) Hatiiration temperature at 100 Ib. pi'r sq. in. 

= 104-28" C. ^ 4:i7-38° G. (abs.). 
steam is superheated 200 - 104-28 = 35-72" ( -. 

Entropy per })ound of this steam (reckoned from water at 0" C.) 


= 




= 2-31og,„J^’;i + J®5;i + ()-55x 


2-3 logio 


473 1 
437 -4 


= 1-6477 

This entropy can be obtained direct from Table l\^ thus — 

<f> for steam at 100 lb. per sq. in. aiyil 30° G. of superheat = 1-0447 
<l> „* „ „ 40° C. •„ * = 1-6560 

Difference for 10° G. ,, =0-0113 

i • 
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/. for steam at 100 lb. per sq. in. and 36-72° of superheat 
= 1-6447 + 0-00113 X 5-72 = 1-6512 

T L 

Entro})v after expansion — (f }.2 — log^ 

where T 2 — saturation temperature at 15 lb. per sq. in. — 373-7° C. 
(abs.) 

L 2 ~ latent heat at T 2 ~ 538-95 


</'2 logio 273-1 373-7 ' ^ 

But <^2 = (^^ = 1-65 ; hence x = 0-93. | 

I'his dryness fraction can be taken direct from the H(f> chart, 
thus : From the point of intersection of the 100 lb. per sq. in. 
pressure line, with the 200° C. temperature line in the superheated 
region, draw a vertical line to cut the 15 lb. per sq. in. line. The 
dryness fraction of the point thus obtainc'd is then read off as 0-926. 

(b) To find the value of n we first require the specific volume 
of superheated steam at 100 lb. per sq. in. and 200° C. This can 
be obtained from tables, 1\ = 4-8901 cub. ft. 

In the absence of tables it can be calculated from the Callendar 

„ 2-2436 (ff - 464) 

equation : 1 1 — — + 0-0123 


2-2436 (681-4-464) 


-1- 0-0123 4-89 cub.ft. 


The specific voluuu* of dry steam at 15 lb. per sq. in. — 26-27 cub. ft 
/. specific volume of wet steam after the adiabatic expansion 
0-93 X 26-27 24-4 cub. ft. 

log - log P, __ 11^11 “ ^og 15 

log V 2 - log Fi log 24-4 - log 4-89 


L 

Supersaturated Steam. Tn the last paragraph we have dealt with 
adiabatic expansion where the fluid is always in a state of equilibrium 
at any point during the expansion. As the expansion proceeds the 
steam condenses and there is always a stable mixture of steam and 
water. We have now to deal with an expansion which is adiabatic 
in the sense that no heat passes into or out of the mixture, but 
during which there is no separation of water as the expansion 
proceeds. 

As we have already seen, if a dry saturated vapour is expanded 
under adiabatic conditions, the vapour will normally condense more 
and more as the expansion proceeds. It can be shown, liowever, 
that if a dry saturated vapour be suddenly expanded, it may 
continue for a time to remain in the state of a homogeneous vapour, 
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although the conditions are such that it should normally be partly 
liquid. Under these conditions, the vapour is said to be super- 
saturated. The matter will perhaps be made clearer by means of 
the T(ji chart (Fig. 161). 

Consider dry saturated steam expanding adiabatically from a 
pressure (saturation temperature T^) to a pressure P 2 (saturation 
temperature T^)- Normal adiabatic expansion is represontiid by 
AB (Fig. 161), where any point on A B lower than A lies in the wet 
region, the dryness fraction at any point G of the expansion beung 


FG 

measured by 


Now, if the expansion proceeds under supersaturated conditions, 
we may look on the saturation line A D, that is, the boundary line 



between the wot and superheated regions, as not being in existence. 
If, therefore, DE is the continuation of the constant pressure line 
MD, supersaturated expansion will proceed from A to C\ where 
DC is the continuation of the (jonstant pressure line ED, into what 
is normally the wet region. Thus, while AB represents normal 
equilibrium adiabatit; expansion from pressure to Po, AC 
represents su pen-saturated expansion from pressure Pj to Pg- 
It will be noticed that the temperature at C, after super- 
saturated expansion, is lower than the saturation temperature T 2 , 
corresponding to the pressure Pg, that is, the supersaturated vapour 
is said to be supercooled or under cooled. 

In this supersaturated condition, the density at any pressure is 
higher than the density of saturated vapour at that particular 
pressure. As the expansion proceeds, therefore, not only does the 
actual temperature become considerably lower than the corre- 
sponding saturation temperature, but the density increases above 
the density of saturated vapour. As the supersaturated condition 
is metastable, there will be a limit of expansion below which the 
supersatdl-ated condition can no longer hold, ant? condensation takes 

place. i. 1 , f 

During supersaturated adiabatic expansion of steam, as tpe steam 
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remains dry, the same equations hold as in the case of the adiabatic 
expansion of superheated steam, namely, 

P 15 

P(V - by — - constant ; = constant ; rp (V -h) ~ constant. 

qiT 


From these equations the actual temperature T of the super- 
saturat'd steam can bo calculated, and hence the dcgre(' of under- 
cooling (^an be determined ; that is, the difference between this 
temperature and th(‘ saturation temperature coiTt‘sponding to the 
pressure of the steam. 

It will be seen in a later chapter that supersaturated expansibn 
can take place through a suitably shajx'd nozzl(\ I 

The Throttling of Steam. Tf steam is allowed to pass through! a 

small orifice so that the pressure 
drops as it passes through, it Is 
said to be throttled. In an ideal 
throttle there sliould b(‘ no change 
in velocity on the two sid(\s of the 
orifice ; also no extcTnal work will 
be done by the steam, and no heat 
should be lost to external bodies. 

Imder these‘ circumstances the 
equation of steady flow (p. 43) 



H,-H, I- .1 


\ 


Ftcj. 1()2 


Hence in 
constant 


the ideal throttling 


gives us - //g 
that is, //] — //n 
of steam the total 


AW -^Q 
O ^ 0 H- 0 

heat remains 


Let us consider what liapjiens when dry saturated steam at, say, 
1001b. per sq.in. is throttled to 501b. per sq. in. The total heat 
of dry steam at 100 lb. per sq. in. — 601-83, while the total heat of 
dry steam at 50 lb per sq. in. is only 653-6. But during throttling 
the total heat of the fluid remains constant. Ht-nce the fluid must 
become superheated. Similarly, throttling wet steam tends to dry 
it. This may best be shov^rn on the total heat entropy chart. 

In this chart, as total heat is plotted vertically, throttling will 
be represented by a horizontal straight line. Henc'c, in Fig. 162, 
dry saturated steam at 100 lb. pcT sq. in. will be nqjrescmted by A 
where the 1001b. per sq.in. constant pressure line crosses the 
saturation line. In being throttk'd to 501b. per sq.in , the state 
of the steam will pass along a horizontal straight line to the point B 
where this line cqjs the SOIb.f.per sq.in. constant pressure line. 
This point will obviously be in the superheated region, and its 
exact state can be read off from the chart. 
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Similarly, steam of dryness fraction equal to 0-854 at a pressure 
of 100 lb. per sq. in. will be represented by the point C. Tn throt- 
tling, the state point of the steam will pass along the horizontal 
straight line until it cuts the 50 lb. per sq. in. pressure line at D. 
The dryness fraction of the point 7) is read off the chart as equal to 
0-87. Hence throttling wet steam dries it. 

In order to calculate the condition of steajii after throttling, we 
may consider two cases. Let suffixes 1 and 2 refer to the state 
of the steam befon* and after throttling. 

Case I. Wet steam of dryness fraction still wet after throttling. 
Total heat before throttling -- total heat after throttling. 

3^1 Li = h n -|- 

~ i~ 

■ ■ *^2 — y 

Case II. W(*t steam of dryness fraction superht^ated to Tg^ 
after throttling. 

f XyLj />2 f (assuming Cj, is constant). 

rri ~ ~ ^2 I rp 

J y * t 

' ' 'n 

The Throttling Calorimeter. The use of this instrument to 
find the drync^ss frac.tion of steam d(^ pends on the constancy of 
total heat during a throttling 
process. 

Steam from the main steam 
pipe pass(‘s by way of a valve 
F (Fig. 163) through the ori- 
fice A into the calorimeter B, 
and so away at C. The pres- 
sure of the steam after throt- 
tling at A can be determined 
from the manoimder at D. 

The temperature of the steam 
after throttling is given by 
the thermometer F. If the steam is ru^arly dry in the main steam 
pipe it will become su])erh('ated after passing through the orifice. 

Let pi ~ pressure^ in main steam pipe 
//j “ total heat of water at Pi 

— dryness fraction in main steam pipe 
Jj^ latent heat at 

P 2 ~ pressure in calorimeter B, obtained from manometer 

= total heat of dry steam at Pa ^ 

— temperature from thermometer E 
Tgci== saturation temperature at pressure pg 
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Then + x^Ly = /f, + - T„) 

hence 3-1 =3 

•■‘1 

(We must be taken that the valve F is fully opened to prevent 
the steam from being throttled in passing through it. 

This instrument will only be of use if the steam, after expansion, 
is superheated. It is useless if the steam in the main steam pipe is 
so wet that it remains wet after expansion. The limiting case will 
be when the steam is just dry after expansion, that is, when the 
t»emperature on the thermometer E is just the saturation tempera- 
ture corresponding to the pressure pg- f" = -¥ 2 * 

Hence one may know when the instrument is not superheating 

by the fact that the thermometer E \is 
not giving a temperature greater than the 
saturation temperature corresjjonding to 
the pressure in th(* calorimeter B. \ 

Provided that a true* sample* of the 
steam is obtainenl, this method is an 
accurate one for defter mining the dryness 
fraction of steam within the limits of its 
functioning. The main difficulty is that 
of obtaining a true sample*. A cjommon 
method is as shown in Fig. 163, where a 
pipe closed at the end and perorated with 
holes facing the direction of the steam, 
lies across the main st(‘am pipe. In the 
case of a horizontal steam pipe, however, 
an error may be caused by a large pro- 
portion of the water in the steam being 
carried along the bottom of the pipe. 

The Separating Calorimeter. The dryness fraction of steam too 
wet for use in a throttling calorimeter can be determined by means 
of a separating calorimeter. This consists of a double-walled 
chamber, the inner chamber containing a perforated metal cup A 
(Fig. 164). The inner chamber is connected to the outer through 
an opening at the top of the perforated cup. The outer chamber 
has an outlet at B, The st-oam to be tested ent/crs the inner chamber 
at the top and, in discharging against the bottom of the perforated 
cup, is forced to make a sharp turn, thus separating the water from 
it. The steam then passing through the sides of the cup passes to 
the outer chamber, and so to the outlet B. The st^parated water 
collects at the bottom of the inner chamoer, and its amount may 
be determined by the graduated gauge glass C. The amount of 
steam passing .through the outfr chamber can be detei’mined by 
condensing it in a weighed quantity of cold water, as it passes from 
the outlet B. For quick measurements, which may be somewhat 



Fig. 164. Separating 
Calorimeter 
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unreliable, the flow may be determined by a pressure gauge D 
carrying a second scale, which shows directly the weight of steam 
flowing in a certain time This scale can be calibrated by weighing 
the steam actually passing in this time, for several rates of flow. 
The whole calorimeter miist be well lagged. Then, assuming that 
the steam passing into the outer (chamber is dry, if 

y} = weight of water removed from steam in a certain time 
W ^ weight of dry steam passing in same time 

W 

Dryness fraction = — 

W + w; 

If the. steam passing into the outer chamber is not quite dry, the 
dryness fraction can be determined by the throttling calorimeter, 
and allowance made accordingly. 

Example 4. Describo carefully any method of determining the dryness 
fraction of the Htoam supplied to an engine. Discuss fully the precautions 
which have to be adoptcnl and state what degree of accuracy you expect 
to obtain. 

Steam passes through a sampling pipe in a steam pipe to a separator and 
from the separator it })a88es through a wire drawing; calorimeter. The following 
observations were made — 

(1) Temperature of the wot steam in the main, 168° C. 

(2) Temperature of the steam after wire drawing to atmospheric pressure, 
108° C. 

(3) Weight of water caught in the separator per minute, 0'036 lb. 

(4) Weight of water passing through the wire drawing orifice per minute, 
0-81 lb. 

Determine the original dryness fraction of the steam. 

{TKb., {Eng.).) 

Saturation pressure corresponding to IfiS® = 110 lb. per sq. in. 
absolute (very nearly). 

Lot X — dryness fraction as the steam leaves the separator and 
before it is wire drawn. 


Before' being wire drawn— 
ToUhl heat at 110 lb. ptT sq. in. 

^ After being wire drawn— 
Total heat at 14-7 lb. jicr sq. in. 


- ^^'110 I " 

-- 169-75 f X X 49318 




- 639-3 4- 0-5 (108 - 100) 

169-75 f 493 18.r -= 639-3 f 0-5 X 8 
X — 0-96 

Hence 0-81 lb. of steain of dryness fraction 0-96 leaves the separating 
calorimeter j)er minute. ^ ^ 

Hence amount of dry sU^.am leaving the separator per minute 
= 0-96 X 0 81 = 0-778 lb. 
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Total stuff passing per minute = 0-035 + 0-81 = 0-845 

0-llH 
0~845 


original dryness fraction 


0-92. 


It should i)e rioted that the dryn(‘-ss fraction before wire drawing 
can be determined direct from the II (f> chart thus : From the point 
of intersection in the superheated region of the 14-7 lb. per sq. in. 
pressure line with th(* 108° 0. temperature line, draw a horizontal 
line to cut the ] 10 lb. per sq. in. pressure line. The dryness fraction 
of the point so obtained can then be rc^ad. 

Gain of Entropy During Throttling of Steam. From Fig. 162 it 
is obvious that the entropy of sb^am increases due to throttfing. 
To calculate this increase of entropy we can make ust- of \ the 
temperature-entropy chart, and we will consider two cases. \ 

Case /. Steam of dr\m('ss fraction still wt^t after throttling. 




I 

Fic. 

Let the steam represented by the state point A, Fig. 165, be 
throttled from a pressure (saturation temperature T^) to a 
pressure Pg (saturation temperature T^). Since (*ntropy increases 
the final state, B will bt‘ to the right of A on the chart. Let the 
final dryness fraction be Xg. 


X2L2 


X 2L2 


Then entropy at B + rji ^ T ^ 

x^Li __ 

f\ ~ "*^^273^ 

Hence increase of entroj)v due- to throttling 

T,' t; 


entropy at. .4 = 

‘iitrojn 

— <f)y,2 - (f>Wl + 


2 

x^L^ 




T 


- loge ^ (approx.). 


2 ^2 


This result may be obtained direct from the diagram. 
Increase in entropy — CB = DB - DE - EC 
? 2^2 _ 1 ^ ^ 1^1 
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In order to find in terms of thcj initial conditions, we have, 
since total heat remains constant during throttling, 

7^2 “ 1 “ ^ 2^2 ~ ~ i ~ '^ 1^1 

. ^ ' K + 

. . x,^ - - 

• ' Si. I ii^i x-^E-t 

, . increase of entropy - + A 


- 1\ + x^L^ x^L^ 


T T 

'2 1 


T 

TiT (approx. 
^ 2 


Cast 11. 8team of dryness fraction superheated after 
throttling. 

Let the steam re])resented by the state point A, Fig. 166, of 
dryness fraction x^ be throttled from a pr(\s.sure (saturation 
temperature 1\) to a ])ressure P^ (saturation temperature T 2 ). 

As we are assuming that th(^ steam becomes superheated, the 
final state B will b(^ on the continuation of the constant pressure 
line for P^ in the superheated regiem. Let the temperature at this 
point be Tg^^. The incrc^ase in tmtropy required will therefore be 
represented by the distance' DE. 

Increase in (mtropy -= CE (CII + HE) ~ (CF + FD) 

But CH re]ires(mts the* chiinge in entropy when 1 lb. of water at 

7\ is changed into 11b. of dry steam at ^ ; and HE represents 

1 2 

the (diange in entropy when 1 lb. of dry steam at saturation tem- 
perature is superheated at constant pressure to a temperature 
T. 

Tsu — C\j logf, J*"*, approximatt*ly ; and CF — change in entropy 


when 1 lb. of water is heated from Tg to = logt-— , approxi- 

2 

m^edy ; and FD KA ^ change in entropy when 1 lb. of water 
at is changed into dry saturated steam of dryness fraction x^ at 

Jbhe same temperature = 

Change in entropy during throttling 

L 2 \ rt 1 I 

= 71^ " Ti 

In order to find the value of T in terms of the conditions before 
throttling, we have, as total heat remains (Constant during throttling, 

•Ai-l + 

from which can be calculated and the value inserted in thte 
previous equation. 
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EXAMPLES IX 

1. Determine from the steam tables the amount of heat in 1 lb. of steam — 

(а) At a pressure of 152 lb. per sq. in. abs. and 0-9 dry. 

(б) At a pressure of 2151b. per sq. in. abs. with 260° F. (139° C.) of 
superheat. 

If in both cases the steam was generated from water at 90° F. (32° C.), 
estimate the respective gains of internal energy. (T.Mech.K., 1925.) 


2. Estimate the amount of heat necessary to convert 101b. of water at 
212° F. into steam at a pressure of 1901b. per sq. in. abs. with 280° F. of 
superheat. Determine the proportion of this heat used in doing external 
work. {I.Mech.E.j 1923.) 


3. Calculate the total energy of 1 lb. of steam at 1 26 lb. per sq. in.l abs. 
pressure and dryness 0-986, and find also its internal energy. If steam in 
this state be expanded in a cylinder to 3 lb. per sq. in abs., the expansion 
being hyperbolic, find the final temperature of the si cam. CTse (/allenc^ar’s 


equation 




F- 0-016 - 1-0706 


T /.373-l\ 


where p — pressure in poimds per square inch 
V = volvune in cubic feet 
T — absolute temperature of the .steam. 

(f;./>., n.Sr. [Ktuj.). 1923.) 


4. Steam at a pressure of 151b. per sq. in. abs., but slightly superheated, 
reaches a surface condenser at 232° F. (111° C.) and leaves as water at 202° F. 
(94-4° C.). The circulating water enters at 55° F. (12-8° C.), and the quantity 
lias to be regulated so that its maximum outlet bmipcrature c^es not exceed 
160° F. (71° C.). Calculate the amount of circulating watOT that will bo 
required per pound of steam. {I.Mcch.E., 1925.) 


5. Steam originally dry is allowed to fall m pr(*ssure from 160 to 60 lb. per 
sq. in. abs. under the following conditions — - 

(a) In a closed vessel which loses heat by radiation and conduction. 

(5) By passing through a throttle valve. 

Estimate the final condition of the .steam (.superheat or dryness fraction) 
in both cases. [l.Mech.E., 1924.) 


6. Steam at a pressure of 1901b. }»er sq. in. abs., with 200° F. (111° (\) 
of superheat, has its prtissure lowered to 801b. per sq. in. abs. by pasting 
through a reducing valve. Estimate the temperature of the low pressure 
steam. If 10 lb. of steam per second are passing through the pipes, calculate 
their diameters so that the steam speed should not excec-d 120 ft per sec. 

{I.Mech.E., 1925.) " 

7. Steam at a pressure of 200 lb. per sq. in. abs., with 260° F. of superheat, 

i.s throttled to 1201b. per sq. in. abs. and then expanded adiabatically to 
60 lb. per sq. in. abs. Determine the tcinperaturo of the steam (tt) after 
thfottling, (6) after expansion. ” (I. Mf>ch.E., 1923.) 


8. Define the term “ total heat ” of a fluid and ju'ove that this quantity 
does not change during a throttling proce.ss. 

Steam, after throttling, has a pressure of 151b. per sq. in. abs. and a tem- 
perature of 150° C. ^ If the pressured of the steam befoi-e throttliii g was 200 lb. 
per sq. in. abs., find its dryness fraction. 

What is the minimum dryness fraction whicli may be determined by means 
<# a throttling calorimeter if the steam is throttled from 200 lb. per sq. in. abs. 
to 16 lb. per sq. in. abs. ? {Ih L,, B.Sc. (Erbg.)y 1926.) 
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9. A pipe line between a boiler and engine is equivalent to a straight length 
of 200 ft. of 4 in. external diameter piping covered with lagging. The engine 
takes 4,860 lb. of steam per hour. The steam pressure la 120 lb. per sq. in. abs. 
and at the boiler end of the pipe the steam is by tost f per cent wet. A throt- 
tling calorimeter at the engine steam chest expands a steam sample to 15 lb. 
per sq. in. aba., at whioli pressure the temperature reading is 134° C. The 
drainage from the ]hpe line is 30 lb. per hour. Estimate the heat loss per 
square foot of metal surface, per hour, per degree Centigrade difference 
between steam and air temperature (22° C.) for the pipe. 

{//.h., B.Sc. (Kmi.), 1921.) 



CHAPTER X 

STEAM CYCLES AND THE STEAM ENGINE 

The Carnot Cycle with Steam as Working Substance. Tt will be 
seen above (pp. 94 and 98) that th(^ (Carnot cycle consists of an iso- 
thermal and adiabatic expansion and an isothermal and an adiabatic 
compression. Let us consider this cycle, using water and stearfi as 
the working substance. | 

Let us have 1 lb. of water at an absolute tem])erature in\ the 
cylinder, the state being repr(‘sented on the pressurt^ volume 
diagram by the point a, and on th(^ tem])i‘ratur(‘ entrojiy diagram 
by the point A (Fig. 1()7). 



Stage 1. Path ah on pv diagram, and AB on Tcf) diagram. 

The water at is gradually (^hanged into dry saturati^d steam 
at the same temperature, the city state Ixnng represtmted by b and 
B. The isotluTinal expansion of the substance taints plaei' at 
constant pressure (the saturation pressun* c’orres ponding to T|). 


The heat taken in is and the change of entropy AB — 


T'x 


Stage 2. Path be on pv diagi-am, BC on T(f) diagram. 

The dry steam expands adiabatically, tht^ y)ressure and tem- 
perature falling and the volume increasing. No heat is transferred 
to or from the working substance, and there is no change in 
entropy. BC is therefore a vertical strai^t line and the state at 
the end of expansion, as representiKl by C, is that of wet steaiii. 
The temperature of the steam falls to soiue lower temperature T^. 

Stage 3. Path cd on p?; diagram, CD on diagram. 

The wet steane is compressed at constant temperakirc i.e. 
isothermally. The pressure remains constant at tho saturation 
pressure corresponding to Tgj while the steam gradually changes to 
water, heat being rejected from the working substance. Let this 


^38 
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oompre^ion bo completed at some point {d and D), such that the 
subsequent adiabatic compression completes the cycle. 

JStage 4. Path da on pv diagram and DA on diagram. 

The wet mixture at D is compressed adiabatically to A, pressure 
and volume returning to the original state {a and A). No heat is 
transferred to or from the working substance, and there is no 
change in entropy. The temperature rises, and the final state is 
once again that of water at 2\. 

It will be noticed that the whole cycle is reversible and the heat 
is taken in at one temperature and rejected at one lower temperature, 

T -T 

and hence the efiieiency is a maximum and should be equal to -A — — ?. 

The heat taken in during stage 1 is representiid by the area 

ABEF ^ABxBE = x - L^. 

1 


The heat rejeetcul in stage 3 is repr(‘,sented by the area 

DCEF = DC X CE = ^ X Tj. 

^ 1 


Th(' work done in t}i(‘ cycle — heat taken in - ht^at rejected 

- Aica ABCD - AB X BC - (T, - T^) 

^ 1 


/. Efiicicuie.y of cycle 


Work doru^ 
Heat taken in 



Clapeyron’s Equation. The equation which has already been 
rehuTcd to (p]). 99 and 100) gives a means of calculating the specific 
volumes of (Iry saturated steam, a quantity very difficult to measure 
expt^rimentally. 

Consid(‘r a Carnot engiiui worldng between two temperatures 
differing by a small amount dT, the corresponding difference of 
saturation rm^ssure being 6P. Let this C 5 ^(;le be represented by 

dT 

abed, Fig. 108. The efficiency of this cycle is and the work done 

L8T 

per pound of working substance = - . This work is represented 

by the art‘a of the diagram abed. If the temperature difference is 
very smalf this area approximates to a rectangl(? of height 8P and 
width (Vsa- Vw) where is the specific volume of dry saturated 
steam and F^ is the specific volume of water. , 

29 — ( 5434 ) ' • 
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Hence 


(F„- VJdP = 


approximately 


ie F -V 

i.c. r sa r yj ^ 

In the limit, as dT and dP approach zero, this equation becomes 
exactly true and hence 

V -V = — or F = F f — 

' aa ^ w rji so ^ w r rj^ 

I 

From this equation the volume of 1 lb. of dry steam may| be 
calculated for any pressure. The values of L and T can be obbaimcd 

dT \ 

from the steam tables, the value of ^ which is the rate of chai^ge 

of saturation temperature wi^^h 
pressure, b(;ing found by calcu- 
lation from the steam tables 
or by finding the slope of the 
saturation temperature pres- 
sure curve for the tempera- 
ture T. 



Example 1. Establish Iho equa- 
JL dT ^ 

lion V ~ -jp ppf v|aero V is the 

volume of 1 lb. of dry Hieam, L 
latent heat, J is 1,400 ft. -lb. per 
C. n.U., r the absolute temperature, 
and P the pressure in pounds per square foot. From the tables supplied 
work out the volume of 1 lb. of steam using the above formula, taking 
the case of steam at 5 lb. per sq. in. pnvssure, and give any reasons you 
consider valid to account for tlie difference* between your answer and that 
given in the steam tables supplied. [U,L., B.Sc, (Ewj.), 1920.) 


It will be noticed thcat the small quantity F„ 
has been neglcctc^d in this qiu'stion. 


0 01 602 cub. ft. 


From the tables, when P ~ 41b. per sq. in. T — 340-33'^ C. 

P = 6 lb. per sq. in. T — 349-82° C. 

349-82 - 340-33 


. 

• ■ hP 


2 X 144 


4 - 7 ^ 

144 ^’ 

dT 


This is not the true value of for if values of T and P are 

dP 

' . ^dT 

plotted, it will be seen that the slope of the curve, that is vanes 

considerably, especially at the low pressures. 
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Taking this value, and finding L and T for 5 lb. per sq. in. from 
the tables, we have 

_ 1400 X 555-38 ^ 4-745 
^ “ 34^T“ ‘ ^ 14T 

= 74-16 cub. ft. 


The chief reason for the difference between this value and that 
in thi^ tables is due to the inaccuracy of the determination of the 
dT 

value of If a smaller difference of pressure dP is taken, the 


value will be nl^arer the true one, which is exactly giv(m by the 
tangent to the pressure tfunperaturc curve at the. point where 

jj „ 5 ppj. gq Ya. 

With some steam tables there may also be another reason for 
the difference. In the older sb^am tables the various properties 
of steam have been calculatt'-d 
from various empirical formulae 
obtained from experimental re- 
sults. These formulcC are not 
necessarily mutually consistent. 

In the Calleiidar steam tablets 
the various formulfe have all 
been deriv(‘d to conform to the 
Callendar characteristic; (equation 
for steam, and hc;nce the values 
for the various proj^rties of steam in these" tables are mutually 
consistemt, 


T 

k \ 

6 

; / 



c 1 

D C 

✓ j « 

A 


Fig. 1(59 


The Rankine Cycle. An obvious practical difficulty in the Carnot 
cycle is the. stopping of the isotluTmal compression of the working 
substance; at tlu; correct point 1) (Fig- 107). ^ 

A simple modification is to e.ontiiiuc the compression CD to ij 
(Fig. 169) until all tin; steam has been condensed to water and then 
4o convert this water at the low ju’essuro and temperature to 
wat(T at the liigher ]m;ssure and temperature T^. The cycle would 
then be ABCE, Fig. 169, when^ CE repn-sents the condensation of 
the wet steam at C to water at E, and EA represents the conversion 
of the water at low pressure and temperature to high pressure 
and temijerature 


The ideal cycle thus modified will be as follows — 

Stage 1. Path AB. Water at temperature and saturation 
pressure is converted into dry saturated steam at constant tem- 
perature and pressure. The hea^ taken in by working substance 
is represented by the area AB3IK and is equal to 

Stage 2. Path BC. The dry saturated steam expands adia- 
batically from pressure P^ to P 2 • 
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The dryness fraction of the working substance after expansion 

~ EN‘ 

Stage 3. Path CE. The st(^am,is now condensed by the removal 
of heat at constant pressure Pg constant saturation temperature 
Pgj until th(i working substance is wholly water. 

The heat given out by the working substance is represented by 
the area ECMF. 

Stage 4. Path EA. The water at temperature Pg saturation 
pressure Pg is raised by the addition of heat to tcunperature 7\ and 
saturation pressure Pj, the jiressure at any stage being the saturating 
pressure corresponding to the temperature at that stag(\ Tile 
heat taken in by the working substance is reprc\sented by the area 
EAKF, \ 

The work done in the complete eycl(‘- is tlierefore equal to hea^ 
taken in -lieat rejected, and is rej)r(‘.sent(^d by the area EAKF +'» 

ABMK - ECM F area AHCES 

The etTieii'ncy of the cycle — 
Work done Area ABCE 
H(‘at tak(‘n in An‘a EABATF 

In till' cycle just c-oJisidtTed 
th(^ Avorkiiig substance is assumed 
to nniain in thc‘ cylind(‘r through - 
out the whole C‘yclo| We will 
now consider A\hat moditication 
is n(‘cessa ry to conform inore 
nearly to practice, where heating is earri(‘(l out in a boiler and th(‘ 
condensation of the sieani is carried out in a condeiist'r apart, 
from tht' \\orking cylinder. lhidi*r ihesi' circumstancH‘s, thi^ fourth 
stage just considered can be assumed to be carrk‘d out in two 
operations. 

The c'ondensed water at E, Fig. Kill, at and 7\ will first be 
pumped by nu'ans of a f(‘ed pum[) into the boihu’, whiue th(‘ pri\ssur(^ 
is Pi- The water then tak(‘s in heat in the boiltu' at (constant ])ressure 
Pi until its tiunperature rises to Th(‘st‘ two stagijs are repre- 
sented by EE' and E'A, Fig. 170, wlu^ri^ AE' is th(^ continuation in 
the wat(^r r(‘gion of tlu‘ constant pressures lin(‘ AB. Owing to the 
small compressibility of wattu-, howi^viT, the ])oints E and E' are 
practically coincidcuit, and h(*nce, to all intents and i)urposes, the 
cycle is still repres(‘nted by ABCE. 

We will now consider this (*ycle, assuming it is carried out not all 
in the working (cylinder, but conseeutiv(‘ly in the boihir, working 
cylinder, condenser, and f(^(‘d pump. The*, cycle is shown at abce 
in the pv diagrf\m arid ABCE in* the T(j> diagram. Fig. 1^1. The 
line ea in the jw diagram really sloj)(*s to the left as it goes from e to 
a, owing to the compression of the water reducing the volume. 
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This is, however, so slight that ea may be taken as a vertical straight 
line. The cycle is as follows — 

Stage 1. Path ab and AB. Water is converted in the boiler into 
steam at constant pressure and e.onstant tenii)erature^ T^, and 
enters the working cylinder as it is prodnet^d. Work done by 
steam as it enters cylinder, fbmo, during formation from water. 
Heat taken in by working substance, ABUW. 

Stage 2. Path be and BC. Boiler is shut off from the cylinder 
and the steam expands adiabatically in (*ylinder. Work done by 
steam, benm. Keat taktm in, nil. Pr(\ssurc falls to p 2 volume 
increases. 

Stage 3. Path cc and CE. Steau) is rej(*cted from cylinder and 
is ejt'ctcd to the eoiuhmser, wluu-e it is condemsed at constant 
pressure* j)^ and cionstant tL‘inp(*rature T,^ to water. Work done on 
st(‘am, geno. Heat given out' by working substanc-e, ECUS. 



Stage 4. Water at pressure temperature T^ is pumped 

into boiler, where the pressure is p^. It takes in heat in the boiler 
and its temperatun* rises to Tj. Work done by f(*ed-})ump, faeg. 
Heat taken in by water EA WS. 

The net work done* in the eyele is represented by 
fhrno j- benm - gmo -faeg ■-= abce 

on tlu* pr diagram. On th(^ T(f> diagram this work, which is equal 
tf) tlu^ difTer(*nce bet^ e'en Ok* heat taken in and th(* heat rejected 
by the working substance*, is r(*i)resent(‘d by 

ABUW -f EA WS - ECUS - ABCE. 

In order to obtain (*xpressions for tlu* work done in the cycle, 
it will be r(‘membered that on p. 44 it was })roved that the area 

fbeg, Fig. 171, which re])resents VdF ov(*r the adiabatic (*x])ansion 

be is measured by tlu* heat droj) during this c‘xpansion. The area 
fbeg represimts the value of in work units, where II ^ and 

are the values of total heat of the working substance before and 
after expansion. Now the ar<^a Jdeg represents the* work done by 
the feed-pump, name'ly, - F^)' ^^ht^re F„, is the volume of 

the water at e. . 
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Hence the work done during the cycle 

V.,iP,-P,) 




heat units. 


Th() heat taken in is the heat necessary to chang(* the water at 
Pi and Tg saturated steam at Pj and As this heat is 

given at constant pressure, its value will be , Fig. 170, 

where hj,i is the total heat of water at P^ and Now will be 
greater than the total heat of water at Pg and Pg- thermal 

equivalent of the amount of work necessary to bring the water at 

V^{P,-]\) 

J 


Pg and Pg ^ 2 ’ 


Hence the heat taken in ^ 


^V,Af\-P2)^ 


J 


The efficicmey of the cycle is therefore 

J 

y 


II.. 


ifc- 


H,-K 


The term 


FJPi-A 

J 


is so small comx)ar(‘d to the oth(‘r quantity's 


that it can usually be ignon'd, and hence th(i effieiei#y which is 
represented on the T(f> diagram by ^‘'^Y taken as 


equal to 




H.-K 


In this expression is thi'- total heat of dry 


are 


saturated stt^am at P^, and is the total heat of water at Pg, both 
values being taken from the steam tables. In order to calculate 
the value of H , the dryness fraction at C must first be calculated 

from the expression x^= f “I" ^ j where A and E 

the values of the entropy of water at A and E respectively. 

There is no need for this calculation, however, if the Hcf) chart is 
used, for Hj^ can be read off direct for the point where the P^ 
constant pressure line cuts the saturation line. If a vertical straight 
line is now drawn from this point to cut the Pg constant pressure 
line, the second point so obtained will give the value of direct 
from the chart. 

This cycle, called the Rankine cyclc', is of great importance, as 
it has been adopted as the basis of comparison for any real steam 
engine. Unlike thi Carnot eyefe, it allows the use of aVondenser 
apart from the wnrking cylinder. Although the Rankine cycle is 
reversible, the efficitmey is less than that of the Carnot cycle. 
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This can be seen roughly by comparing areas in the T<f> diagrams of 
Figs. 167 and 160. It will be seen that, although a larger amount 
of work per pound of steam is obtained, yet the extra amount of 
heat taken in is in a greater proportion. The reason for this lower 
efficiency is because all the heat is not taken in at the highest 
temperature, as in the Carnot cycle, the water taking in heat 
between the two ti’imperatures T^ and 1^- 

It is interesting to calculate the Rankine e,ffici(mcy for roughly 
normal conditions. Lot the boiler pressure be 300 lb. per sq. in. 
absolute and the condenser pressure be 2 lb. per sq. in. absolute. 

Fi*om the Hcf) chart we find the total heat of dry saturated steam 
at 300 lb. per sq. in. to be 674 C.H.U. per lb. Drawing a vertical 
straight line from this point on the chart until it cuts the 2 lb. per 
sq. in. pressure line, we find the total heat is 491 C.H.U. per lb. 
The work donc^ in the Rankine cyele bi'tween these two pressures 
is therefore 674 - 491 — 183 C.H.tl. per lb. 

The total heat of water at the saturation temperature corre- 
sponding to a pressure of 2 lb. per sq. in. (52*27° C.) — 52-16 C.H.U. 
per lb. This heat in the water is theoretically available for use 
agaui in the boiler. 

074 _ 491 

Henc(‘ the Rankine efficiency — — 29*4 per cent. 

674-52-16 ^ 


With an ideal steam plant theu-efore only 29-4 per cent of the 
available (nergy would be eonverf ed into work under these con- 
ditions. In practice, as will be seen later, (',ven this efficiency could 
not bo reached for the given pre^ssures. The^ ratio of the actual 
work doiK' in a steam engines com])art‘d to the work done in the 
corresponding Rankine cyck^ is termed the efficiency ratio. 


Thus efficiency ratio of a sUmni engine — 


Heat converted into work 
Adiabatic heat drop 


The ideal steam consumption for any two pressures is easily 
obtained from the adiabatic heat drop. 


* Work done per pound of steam in Rankine cycle 

— Adiabatic heat drop. 


^ 33,000 x 60. ^ 

and ] h.p.hour = j heat units. 

^ , 33,000 X 60 

htoain per hors, -power hour = lb. 


Su}jpose an actual engine working w ith dry steam between the 
pressures of 300 lb. per sq. in. and 2 lb. had an efficiency ratio of 62 
per eenU We have just seen thsbt the Rankine efficiency is 29-4 per 
cent for these pressures. The actual thermal eniciehey of the engine 
would therefore be 29-4 X 0*62 --- 18-23 percent. 
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The ideal steam consumption would be 


33,000 X 60 
1400 X 183 


7-73 lb. per H.P. hour. 


The actual steam consumption would bei 

— 12-47 lb. per H.P. hour. 

Effect of Condensing on the Bankine Cycle. This will be explained 
best by an actual ('xample. Supposes instead of condensing down 

to 2 lb. per sq. in. pressure 
as in tlu^ last paragraph, the 
exhaust is at atmospheric pres- 
sure, namely, 14-7 lb. per sq. 
in. From tlie H<f> chart we 
see that the total h(vat after 
expanding adiabatically from 
300 lb. ]HT sq. in. to 14-7 lb. per 
sq in. is 550 C/.H .IT. per lb. 

The work done in the Rankine 
cvclt^ in this case is th(?refore 
674- 550 - 124 C.H.U. 

The total heat of water at 14-7 lb. per sq. in. — 100 U.H.U. per lb. 



Hence the Rankine efficiency = 07 ^ Jdo 

33,000 X 60 , , ^ 1 

The ideal steam consumption = ^ == 1 1 -4 lb. per H P. hour. 


As there is no condenser, the total heat of the water, namely, 
100 C.H.U. per lb., would not be directly available in practice for 
using again in the boiler, In modern plants, how^ever, the heat 
in the exhaust steam of a non-condensing (‘ngine is utilized for feed- 
water heating, or to do work in a low pressure turbine. 

Efficiency of the Rankine Cycle in Terms of Temperature. 

Ccuse /. Steam saturated on admission to cylindtT. 

Let the steam on admission to the cylindcT be of dryness fraction 
x^. Its stat(‘ will then be r( 4 )r(‘Ht‘nted by the point R, Fig. 172, and 
A 7? 

— , = The cycle will bi? A BCE. Let the? U^mperature of the 

AB* 


steam on admission b(' and on condtmsation hr 

Then AB ^ Cain in entrojiy wIk'TI water at is converted into 

st(*am of dryrn'ss fractifai x^ 


EC — Cain in entrojjy w^hen w'at(‘r at 1\ is (^onv(;rU^d into 
steam of dryness fraction X 2 ~ L 

j- o 
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ED = Gain of entropy when water at T^ is converted into 
water at 

T 

~\ogeyf~, approximately. 

^ 2 


Area Heat taken in when water is heated from 

to Tj 

- Tg approximakdy. 

Then work done in cycle — Area ABCK = F/L4BK - KCKF 
- {EAdF + A BKd) - (EDGE DCKG) 

-= - ^' 2 ) 1 04 B X HK) - {IJG X ED) (ABx DG) 

-- T-i - r, + X 'J\ - T, \0ir, T, 

^-iT,-T,)(^l+^f^yT, log,^ 

The heat taken in 


- Ar(‘a EA HKF ^ EAGF + A BKG 

-- (T, - T,) + xT,^ 1\ -T, I x^L, 

. , Work done 

Jiithciency of cycle ^ . 

‘ Heat taken m 




The dryn(?ss fraction aft('r expansion 
EC ED 4 DC 


7^1 

iQg^. _ _|_ 


ER 


ER 


If the stc^ajn is dry saturatc^d on admission to the cylinder, then 
th(‘ cycle is AB'C'E and .r^ I in the al)ovt‘ ('xpressions. 


Case IJ. Sudani su])i‘rheat-<'d on admission to cylinder. 

Let the steam b(‘ su])erheated to a temperature at a constant 
prc'.ssiirt' eorr(',spondiii" to th(‘ saturation temperature T^. Then the 
stat(^ of th(‘ st('am before adiabatic expansion will be represented 
by B, Figj»173, on the eontinuatio« in th(‘ supeiheat region of the 
constant ])ressure line* corresponding to 7\. The cycle will then 
be ABBCE. 
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= Increase in entropy when dry saturated steam at 
is superheated to at constant pressure 

— Cj, loge (approx.) where Cp = Mean specific heat 
of steam between and 

Area X — Heat taken in when dry saturated steam at 
is superheated at constant pressure to 
= (iipprox ) 



The work in cycle - Area ASBCE = EA8BKF - ECKF 

{EAGF + A8XG |- SBKX) - {EDGF + DMXG -f MGKX) 
- (Ti-Tj) -h A8 X SX -(• x ED-DM X MX 

- CK X MO 


t,-t, p X n - T,) - 1\ log* - ^7 T, 




2’i 


-r.r'jog*!,- 

= (T, - T,)(^ 1 I- ^ j -p <7,(r,„ - T,) - 7\ ^log* p log* 

The heat taken in = Area EA8BKF = EAGF + ASXG f SBKX 


= T,-T, + Li + t7,(T,„-ri) 

Efficiency of cycle 

iT,-T,)(^] + C„(r,„-T,)-7’,^log*^ f C,log*^^-y 

If a comparison is made of the (^ffieleiicy of a Rankinc cycle using 
in one case dry saturated steam and in th(^ other superheated steam 
between the same pressures, it will bo found that there is very little 
gain in thermodynamic efficiency due to the superheat. 

The chief valued of superheatfhg is due to practical coiisiderations 
resulting from the fact that as the steam iiL transmission loses heat, 
condensation docs not take place. 
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ExftlUpte 2. SkBtcli th© prcssur© volumo and. tcmpBratvir© entropy diap^anris 
of the Rankin cycle for a steam engine. Determine the Rankin© efficiency 
of a steam engine working between pressure limits of 100 and 6 lb. per sq. in., 
and supplied with dry saturated steam. By how much per cent is this 
efficiency increased by superheating the steam 100° C. ? What effect would 
superheating produce on the efficiency ratio of an actual steam engine, and 
what are the reasons for this effect ? (f/.L., B.Sc. {Eng.), 1924.) 

(1) Total heat of dry steam at 100 lb. per sq. in. absolute = 

= 661-83 lb. calories (from tables or chart). 

Dryness fraction after adiabatic expansion to 5 lb. per sq. in. abs. 

Entropy of Entropy of T-»atcnt heat at 
water at water at , 100 lb.p(>r sq.iii. 

100 1>>. 5 1b. ‘ Saturation tem- 

per sq. in. per sq. in. perature at 

100 lb. per sq. in. 

~ ^w2 TpT 

‘ ] 

From the tables <|>^^.^ - 0-4739 - 0-234() 

-- 0-2393 

In the absence of tables an approximate value can be calculated 
T 437 '38 

from 2-3026 X logi„ - 2-.3026 X log,„ -3- =- 0-236 

Taking the first value-- 

/ 406-12\ 345-48 

Dryness fraetion = (o-2303 ^ X = 0-8.55 





\ Saturation tempora- 
\ t urn at 5 lb. per sq. m. 
I '' Latent heat at 

I 5 lb. per sq. in. 


The dryness fraction can be found directly from th(' 7/(^ chart. 
Taking a vertical line do^vn from the intersection of the 100 lb. per 
sq. in. line*, with the saturation line, wc see that the 5 lb. per sq. in. 
line is cut at a dryness fraction of 0-855. 

,Total heat of steam after adiabatic expansion to 5 lb. per sq. in. 

= ^ h -f xL 

^ 72-26 + 0-855 x 555-38 = 547-11 lb. calories. 

The valu(* of H^. can also be obtained from the Hcf) diagram, the 
point on the 5 lb. per sq. in. line of dryness fraction 0-855 having 
a total heat of 547-5 lb. calories. 


The total heat of water ai 51b. per sq. in. = h — 72-26 (from 
tables). 

. Adiabatic heat drop II - li^ 


Rankine effickmcv 


Heat ^ut in 
661-83 -J547 11 , 
661-'83-72-2"6 ' 


- h 


X 100 -- 19 4 per cent. 
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(2) The saturation temperature at 100 lb. per sq. in. = 164-28® C. 
. Temperature of steam at 100 lb. per sq. in. superheated 100® C. 
- 264-28® 0. 


From the point on the H(f> chart, where the 100 lb. per sq. in. line 
is cut by th(^ constant temperature line corresponding to 264-28® C., 
we find that total heat before expansion ~ 715 lb. calories. 

Passing vertically domi from this point until we cut the 5 lb. per 
sq. in. line, the pc^int so obtained gives total heat after expansion 
= 584 lb. calorie's. 


FTeiice, Rankine efficiency with superheate'd steam 


m - .^4 
TTf) -T2 


X 100 — 204 per cent. 


I 


Gain in efficiency diu' to superheating — 20-4 - 10 4 = 1 per ceht. 

Rankine Cycle in Terms of Pressi^e 
and Volume. The work done in the 
Rankine cyck^ may be c'xpressed ap- 
l)roximat('ly in terms of pressure and 
volume. Th(* resuli-, which will be in 
foot -lb. ])er lb. of steam, will b(^ ap- 
])roximat(‘, for the assijm 2 )tion is made 
that, in the adiabatic expansion law 
of steam, namely, = constant, the 
value of n is constant thfoughout the 
expansion. 

Let abed, Fig. 174, reiiresent the Rankine cjtIc for 1 lb. of steam 
(the feed-pump work being neglected). 

The work done — area abed = ahhg -j- bekh - dckg 



Pb^ b yi — \ 


71-1 


(Pb^’b-Pc^'r) 


Pb>'b 


n - 


PP’c 


-1 V 

i’c - 

I'b \PcJ 

Work (lone — . Pb^’b\^ ~ — ^ 

« - • ( Pb \PcJ ) 

Hence if 1 lb. of steam of spi^cific volume', before the adiabatic 
expansion b(' caused to pass through a Rankine cycle between the 
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pressures and p^, the work done is given approximately by the 
expression 



Another method of ol)taining this expression is as follows 



Incomplete Expansion. Jn the ilankine cycl(‘- the steam is 
i‘xpand(^d right down to tlie pn\ssure at which condensation takes 



Kio. 175 


plaijc*, as at C, Fig. 175. If the ste‘am is released from the cylinder 
at a higher pressure than that of the c ondensi^r, as at /, there will 
be a sudden droy) of pressure* /gf at constant vohime, th(* amount of 
j^rork fcg being lost. The htsat taken in being the same as for 
complete expansion, there*- is a corresponding loss in efficiency of 
the cycle. In ewffi'r to she)w the* etfeet oi mcennplete ('xpansion on 
the Tcf) diagram, we^ ne 3 te that the elrop e)f jiressure fg on release 
take*s place at constant vohime, that is, instantaneously while the 
jiistem in the ide‘al engine is at the enel of its exyiaiision stroke. 
In the ideal Kankine cycie, where the wheile operation takes place 
within the cylinder, the same eff(*ct as the above will be produced 
if a certain* amount of the steam iS condensed By rwnoving heat 
while the piston is stationary at the end of the expansion stroke. 
The state of the steam in the cylinder would pass along the cc^nstant 
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volume line FG in the T<l> diagram. The cycle would therefore be 
represented hy A BFGE, the loss of available work due to incomplete 
expansion being represented by the area FCG, this loss of work 
being equivalent to the extra amount of heat given up to the 
condenser. 

The Theoretical Indicator Diagram. In practice, the expansion in 
a steam engine is not complete. The volume of the cylinder neces- 
sary would be excessive, as the specific volume of steam is large at 
low pressures compared to that at higher pressures. In practicaj 
cases, therefore, the pressure at release is greater than the pressure 
at the exhaust pipe and approximates to the cycle abfge, Fig. l|/5. 

Now in practice there are, among others, two important modijfica- 
tions to be considered. In the first place, when the piston ilg at 



either end of the stroke there is the clearance volume, that is, the 
volume of working substance contaim^d between the piston and the 
cylinder end, and in the ports leading from th('. cylindt^r to dhe 
valve chest. In the second place, the working substance is not 
pushed out to exJiaust for the wlude of tht^ rc'turn stroke, but a 
certain amount is crompressed into the cl(‘aranc;e space. Thfli 
theoretical indicator diagram so modin(‘d is shown in Fig. 170. 

In the diagram, OG r(‘pres(*nts the clearances volume, AB shows 
the admission of steam to the (;ylind(‘r, B(J the expansion which is 
assumed hyiJcrbolic for this j)urpose, CD is the pressure drop at 
rel(‘ase, while DE is the (exhaust and EF the comprcission portions 
of the return stroke. After compression the pressure is represented 
by GF. Admission of fresh steam at F then raises the pressure 
to the initial •j)res^sure GA . , ^ 

Mean Effective Pressure from the Theoretical Diagram. Let the 
stroke, volume GL — V ; clearance volume OG ~ aV ] compression 
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volume OH = bV \ admission volume, AB == - ; initial pressure, 

AO = Pi ; back pressure DL = Pi,. 

Then, as the area ABCDEF represents the work done during the 
cycle, the mean effective pressure 

Area ABCDEF ^ . 

Pm — t 7 j (tne area being measured in p and v units) 


ABKO + BCLK - EDLH - FEHG 


V 


(BK X AB) + (bk X OK log, 

V 

[DL X III) 


1 - y 

aV + - 

r 


OH 

00 


aV 4- bV 

Pt{V-bV) +p„(aV + bV)\i)gB — ^ — 


Pi + 7 ) 'oge - JP^ - & + (« + b) log£ “ j 

If there is no compression, then 6 = 0. 

! + 1 ) log. 

^ If there is no compression and no clearance, then a — 0 and 6 = 0 
and = y (1 + logs r)-pj,. 

Steam Consumption from the Theoretical Diagram (the Willans 
Line). At the point of cut-off B the volume of steam in the cylinder 

is F + — ^ . If Wi is the weight of a cubic foot of steam at pressure 

P], then th*e weight of steam in the cylinder at cut-off iS 

At the point of compression E, the volume of steam in a cylinder is 
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(aV + ^y)- If is the weight of a cubic foot of steam at the 
pressure p j,, then the weight of steam in the cylinder at the beginning 
of compression is (a ~\~ b)VW 

The weight of steam used per stroke is therefore 

(a + ^^VW,-(a + b)VW^ 

Assuming for a double-acting engine that the diagrams for each 
end of the cylinder are the same, then, if the engine is running at^ 
N r.p.m., the steam consumption in pounds per hour is given by 

W=^-2N xGOx F ^ - (a + 

If the assumption is made that steam is dry at tlu* points B and 
Ey the values of and W can be obtained from the steam tables. 

Now a trial calculation will show that, for ordinary raiige.si of 
pressure, the dc'iisity of steam is a linear function of the pressuVe, 
that is, W = Cl C 2 P, where and Cj are constants. 

Hence the steam consumption W may be written 

IF = 2.¥ X 60 X F j ^ j (C, + L\p,) - (a + h) ((!, h j 

If the engine is governed by throttling, that is, by varying 
while the speed N and the cut-off are k(‘pt constant, tlam 

W = C 3 P 1 + C\, where C^ and C^ are coristflfcits. 

With the same assumption, th(‘ mean effective, pressure may be 
written p^ ~ Crj)i - C\. where 6^ and C^. are constants. 

But I.H.P. =: T-H.P. = (;,p,„ - 0,p, - (\ 

Hence = V.,p, 4 +3'^ 

i.e. W = (A y l.H P.) I B, whiTc A and B arc* (‘onstants. 

That is, the steam consumption is a lirK‘ar function of the indicated • 
horse -power. 

The Effect of Governing on the Theoretical Indicator Diagram. 

A reciprocating steam (‘ngine may be governed by m(^ans of a 
throttle valve, or by alteration of tin*, cut-off. It is instructive to 
consider the effect of th(*.se tAvo mcdliods, l)y ust* of tlu^ equations 
given in the last two j)aragraj)hs. Tlie matt(‘r will b(*st 1x5 made 
clear by means of a numerical example. Assume the following 
conditions for -a dduble-acting engine — 

Piston speed — 2LN — 500 ft. per min. ; area of ])iston A — 80 
sq. in. ; .stroke L = 15 in. 



STEAM CYCLES AND THE STEAM ENGINE 455 


O 1 A7 500 X 12 OAn 
. . Speed N — “2~x 15 ~ ^OOr.p.m. 

Stroke volume V ~ LA — ^ X = 0-695 eub. ft. 

12 144 

Initial pressure, pj— lOOlb. per sq. in. abs ; back pressure 
— 15 lb. per sq. in. abs. ; ratio of expansion r == 3 ; clearance 
^volume = 0-05 X stroke volume, wherc^ u 0-05. Zero compression 
assumed. 

Mean (‘ffi^etive pressure 

^ 100 |o :«3 (0-05 f 0-333) 2-3 log,, ^^-0^ j _ 15 

— - 56-9 lb. jicr .sq. in. absolute 


I.H.P. 


Vrn /-I 2A^ 

:3:koo() 


56-9 X 80 X 500 
33,000 


Stt^am eonsuniptioii - W - 2N X OOF 1- ~ I 


-- 2 X 200 X ()0 X 0-()95 


/0 05 -1J>333 
\ 4-45 i 


0-05 \ 
26-27 ) 


1400 lb. ])er hour. 


Cane L ThrottJv (iotmiing. Values of I.H.P., and IF may be 
(uileulati‘d for various valiie.s of the initial [)r(‘ssure /q, all other 
conditions bennu; k(‘pl constant. In this way th“ following figures 
will be obt aim'd 


Pi 

Pm 

luo 

.50 [) 

su 

V2 r» 

70 

35 3 

r»o 

2S1 

40 

13 S 


I.H.P. 

ir (lb. 

OS 9 

1400 

51-4 

1 1 35 

42-7 

1000 

34 

852 

10-7 

58 4 


Case, JL Cui-off (jorerning. Values of I.H.P. and W may 
be ealeulated tor various vaiues of the ex})ansion ratio r with the 
constant value yq ~ - 100 and all other conditions e )nstant. 



30 ( 5434 ) 
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Corresponding values of W and I.H.P. can be plotted as in Fig. 
177, which clearly indicates the theoretical advantage of cut-off 
governing over throttle govc;rning. 

The Actual Indicator Diagram. We will now consider how the 
actual indicator diagram varies from the ideal. If the boiler 
pressure is represented by the height of the line AB, Fig. 178, the 
pressure in the cylinder at the beginning of the stroke will be 
somewhat less, as at F, because a certain difference of pressure is 
necessary to produce a flow of steam from the boiler to the engine^ 
cylinder. As tlie stroke proceeds there will generally be a slight 
fall of pressure, as shown at FG, owing to wirc‘-drawing through [the 



steam ports. The point of cut-off will not be sharp but rounded off 
as at O. This wire-drawing at cut-off will b(^ more mark(‘d in the 
case of a slide valve, where cut-off is not instantaneous, than in the ^ 
case of a Corliss or a drop valve provided with a trip mechanism, 
where cut-off is p(*,rform(‘d much more cpiickly. Release must 
occur at H before the end of the stroke, owing to wire-drawing 
through the exhaust ports, thus causing a rounding off of the toe 
of the diagram. During the (exhaust stroke the pressure in the 
cylinder will be somewhat higher than that of the condenser in the 
case of a condensing engine, and somewhat higher than atmospheric 
pressure in thc,casa.of a non-con'Jcnsing engine. The exhaust valve 
closes at some point K, before the end of the exhaust stroke. The 
reason for this is twofold. In the first case the steam left in the 
cylinder* forms a cushion, which gradually brings the piston to rest 
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and thus obviates the shock on the bearings which would otherwise 
be produced. In the second case, the resulting increase of pressure 
reduces the amount of live steam necessary to bring the pressure 
at the beginning of the worldng stroke up to the admission pressure. 
Owing to wi^c -drawing effects, the live steam is admitted just 
before the end of the exhaust stroke at L, the pressure produced by 
cushioning up to this point being thus raised to the admission 
pressure by the time the piston has arrived at the end of the exhaust 
• stroke. 

The effect of wir(i-drawing is obviously to decrease the area of the 
diagram, that is, the work done by the engine is decreased. This, 



iTowever, is to some extent compensated for by the fact that wire- 
drawing or throttling dries the sU^ain slightly. 

The effect of clearance would, at first sight, appear to be simply 
to increase the steam consumption, as before tlic steam at admission 
can do work it must raise the pressure from that at the point L 
to that at the point Fy but from p. 453 we can see, that 
clearance increases the mean effective pressure and thus increases 
the work done. The net effect of clearance, however, is to decrease 
the efficiency. The increase in steam consumption due to clearance 
can bo reduced by making the point of cushioning earlkir, and thus 
increasing the pressure obtained atsL when the lijre steam is admitted 
to the cylinder Easier cushioning, however, obviously decreases 
the area of the diagram, that is, the work done is lessened. 

We will now discujs the admission and expansion cuiwe FOH. 
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During the exhaust stroke the cylinder and piston have been in 
contact with steam at a low pressure and a corresponding lower 
saturation temperature than the temperature of the live steam. 
If the steam on admission is dry saturated it must give up heat to 
the walls of thc^ clearance spac(^ and hence a certain amount of 
initial (jondemsation takes place. This initial condensation will, of 
courses be great(^r the larger the amount of clearance surface exposed 
to the inc‘oming steam. The condensation of tlu* steam continues 
for a short time after cut-off, due to the fact that energy is being 
taken out of the st(‘am as work is done. As the expansion proceeds 
th(^ 2)ressur(‘ drops and hence the saturation temperature fa Is, 
evcmtually below the tempi'ratun^ of the cylinder walls, thus causing 
re -evaporation to take j)lacc‘ during the latter portion of the workihg 
stroke. This r(‘-evaporation is increased at ri'h^ase, due to the 
sudden i)ressur(' dro]^ and the, consequent drop in saturation tem- 
peratun* at tlie end of the stroke. This re-i^vaporatioii may by 
enough to make th(‘ steam left in the cylinder during Urn (‘xliaust 
stroke practically dry. If the st[‘am wen^ admitted to the cylinder 
in a sup(‘rheat(‘d condition this (effect of (;ond(msation and re-(‘vapo- 
ration would be niodilied, for the cooling effect of the ck'arance 
surface would b(‘ to lower the tenix^eratun^ of tlu^ st(‘am and not to 
condense it until tlu* saturation t(‘mperature was n'ached. 

The Diagram Factor k. From llu* previous ])aragra[)h it is obvious 
that the id(*al m(‘an (‘ffectivc* pressure obtained from the (*xpression 

/I / 1 \ 1 1 I I. \ 


Vm = Pa 




will in general be gn*ater than the actual nu‘an (‘ffeetivc* pressure 
obtained in an (‘ngine. In ordtT to obtain the ])robable actual 
mean (*ff(u tiv(‘ pr(‘ssun‘ w(‘ must multiply tlu* idi‘al value 
by a factor k. Thus 

The value of the diagram factor to be used in any jiarticular case 
dejiends, as we have seen in the last ])aragraph, on a number of 
consid(*rations. The particular formula used for (‘alculating 'Pm 
will affect the valium of k. Again, the valui* will di‘pend on the 
condition of the steam, the initial pn^ssurc, the back pressure, 
the speed of tlu* engine, th(^ type of engine, th(‘ tyju* of valves, 
whether the cylinder is jacketeil or not, etc.. 

An average value tor k for a simple slide valve condensing engiiu^ 
is about 0-8 ; for a compound condensing engim^ 0 7 , for a 
compound condensing engim* using supfuiu*ated steam 0-05. 

Example 3. A doutilo- actinia Htoam has^l sinf'le, cylindtir of diamoU r 

33 ji in. by 3-25 ft, strokt*,, and tlcveloym (iOO l.H.V. at 100 r.p.ni. AHSiirning a 
dla^^^am factor of O Bi.^ind the ratio iwpaiiHion if the initial Htoiyn pressure 
IS J55 lb. per sq. ifi. absolute and the Viack prewHuro ilb. per sq. in. abwoluto. 

In this case a rough estimate may be made by as.suming no 
clearance. and no compression. 
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The actual M.E.P., or is given by 

Indicated horse-power = 

^ 33,000 ’ 


where N — 


the revolutions per minute for a double, -actiag engine. 
600 X 33,000 
3-25 X 200^61^8 ^ 


Also, = fc (1 + loger)-^) 


wher(» k is the diagram factor. 
35-3 
■ ■ 0-82 


1 nn 

43^ (I +log,r)-2 


155 I 155 loge r - - 45r 

31 I -^1 X 2*3 log^„ r ^ 9r 

, . 9r-31 

and log^o^ 


Tak(‘ differ(‘iit values of r and plot values of log r and x, and so 
find r - 12, which makes log r — x. Therefore ratio of (expansion 


r -- 12. 


Example 4. A Tion-coirdensiiiK stoain engine witli a siimle cyliiuler lais to 
(lov(‘lop 75 IMl-I*. DoUa’TTura* froin the data given ticlow ihv diann^ter of Iho 
cylinder and the, stroke of the piston. 

‘ (1) l5oiler [iressiin*, 801b by gauge. 

(l!) Cut-otl' steam oceuns at' 28 per cent of ])iston strokt*. 

(5) (Meanmee volumo, (e5 per cent of volume s\N'e])t bv i)iston. 

(4) Piston spe(‘d, 750 ft per mm 

(5) Ibagram factor, 0-SS. 

You are to assuiiK' liyperbolic (‘xiiansion and tliat the, stroke of llie piston 
is 1-5 the diametm. (f H Sr. {Kmj.), 1917.) 


I 


Let atmosjiheric pn\ssure bi* 15 lb. per sq. in. absoluti*. 

*Tlieii l)oil(*r jiressun^ — 80 | 15 — 95 lb. jier stp in. absolutt\ 


iVIt'an effective' prt'ssure — — jq 


\ 1 1 + rt 

;llogo, 

! — \ a 


[ 

T 


^ ir, j 0.2S +((»» +0.28)2.3 log.. 

— 48-5 lb. per sq. in. 

Actual M.E. P. ^ 0*88 x 48*5 ^ 42*7 lb. per sq. in. 

• • • . . 

Piston speed ^ "IhN = 750 ft. per min. (for a double-acting 

engine). 
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If we assume a mechanical efficiency of 90 per cent, then 
B.H.P. 75 


I.H.P. = 


NowI.H.P. 


Diameter 


M.K "()■ 
j^.A2N 

’ ■ 

aJ 


= 83, say. 

_ 33,000 X 83 

~ 421 xl50 


10-4 in. 


85-5 sq. in. 


Stroke =1*5 X 10*4 ~ 15 (5 in. • 

Application of the Saturation Curve to the Indicator Diagtam 
(the Blissing Quantity). The weight of working substance (stiam 



and water) in the cylinder at any point bi'twi^tui cut-off and release 
is made up of the elearane(‘ steam and the stuff which is admitted 
to the cylinder between admission and cut-off, that is : 

Weight of stuff weight of clearance* steam f- c-ylindeT ft^(*d, ^ 

where thc! cylind(*r feed is the weight of stuff passing through th(^ 
cylinder per stroke. 

If a pressure volume curve for this weight of dry saturated steam 
were plotted from the steam tabl(*s on to the indicator diagram, 
some such curve as AB, Fig. 179, would be obtained, the reason 
being that the stuff in the cylinder would not in general be dry 
saturated. 

The volume of the wat(*T is negligible compared to that of the 
steam, and hence CD represents the volume (;f steam in the cylinder 
at the point D, \^Te all thc st^ifif in the cylinder at thi% point dry 
saturated steam, its volume would be equiwl to CE. Hence the 
dryness fraction of the working substance in the cylinder at the 
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point D is measured by It will thus be evident that the 

indicator diagram, while accounting for that part of the working 
substance which is steam, gives no indication of how much water is 
present, unless the saturation curve is drawn on it. The volume of 
steam represented by DE is called the missing quantity. To apply 
the saturation curve we must know the weight of the clearance 
steam and the weight of the cylinder feed. 

The weight of the clearance steam can bo found from the indicator 
• dia^am as follows : It has been explained that just after the 
beginning of cushioning the steam left in th(^ cylinder is practically 
dry. Let F, Fig. 179, be a point just after cushioning. Then GF 
is the volume of the clearance steam at a pressure represented by 
FK. Hence if If = weight of 1 cub. ft. of dry steam at the 
pnissure represtmted by FK, then 

Weight of clearance steam = (Volume represented by GF) X W 


Steam tables may not always give values of If, but they generally 
giv(j values of V, the volum(‘, of 1 lb. of dry saturated steam 
at various })ressurc*,s. Obviously then, wtdght of clearance steam 
__ Volume (GF) 

^ y- • 


If the cylinder fcicd is now known, the saturation curve AB for a 
weight of dry saturated steam equal to wciglit of (clearance steam 
+ cylinder f(‘(‘d) can be drawn on th^‘. indicator diagram. 

If all the steam that passed into the stt^am chest of the engine 
.also passed through the cylinder, and none leaked past the valve 
or tilt', piston, then the cylinder fcc‘d could be measured by weighing 
the condensate in the (uise of a condensing engine. Experimental 
evidence, however, goes to show that there is a certain amount of 
leakage past th(i valves and the piston, and hence, in this case, if the 
saturation line AB be drawn from the weight of condensate, then 
the missing quantity DE will not onl}^ be due to condensation but 


CD 

also to leakage. In this case, ^ --will no longer accurately represent 
• LAi/ 


the dryness fraction in th(‘ cylinder. 


Example 5. The following rosults were obtainod by inoasiirometits taken 
on an indicator card from a doublo-aci ing steam engitie. 

(1) Immodiatoly after cvit-off 

Volume - 3117 cub. ft. ; pressure ~ 1781b. per sq. in. absolute. 

(2) [mmediately after compre.ssion has begun — 

Volume -- 103 cub. ft. ; proSvSure - 57 lb. jier sq. in. absolute. 

The speed of th(^ engmo was 105 r.p.m. and the measured steam supply per 
minute was 406-3 Ib. Find the missing quantity in pounds p(^r minute. 

{(J.L., B.Sc. {Knej.), 1917.) 


Volume of 1 lb. of dry steam at*57 lb. per sq§in. ^ 

* — 7-539 cub. ft. (from tables) 



' ' , , ' ' f I '■'» I* ‘i ■ ' v' r s 

APPmo ragsMmrirAMfta 

m ' 

oi cxwWoti 8t<*Am — ^ 

- O l.V Ih. (imuming stmm k dry) 

w..isht of pm.m J«T »(rote 

_ ^ 103 lb. 

' 2 X 105 


weight ()t sUifl in cylinder just after cut-off 

= 193 h 0 I37 = 2 0671b. 


Volume of 1 lb. of dry steam at 178 lb. per sq. in. 

— 2-59 eiib. ft. (from tables) 


Indicated weight of steam just after cut-off = ^ — 1-3()1 1 

missing quantity — 2-0()7 - 1-301 — 0-70() lb. ])erstroklp 

— ()-7()(> X 2 105 101 lb. per inin\ 


It should b(‘ not(‘d that this is the missing quantity at the 
beginning of the expansion. Owing to re-(‘vaporation during (*xpaii- 

sioii the missing quantity at 
tht‘ end of (‘xpansion would 
g(‘nerallv b(‘e()m(‘ l(‘ss. This 
quantity c*ould be calculated 
if th(‘ indicated ])ressure and 
volunu' just b(‘fore ?eleast' W(‘re 
known. 

The Steam Jacket. We havc^ 
se(*ii in a pn'vious ])aragraph 
that tlu‘ steam in a st(‘am 
(‘iigine evlirid(*r is wet during 
ex])ansion. This condensation can be nabieed to som(‘ i*xtent by 
steam jaekcding tlui eylind(“r. It must be r(‘memben*d, how('V(T, 
that although by this im-ans the actual (‘xpansion curve* on the 
indicator diagram can bi* brought iieanu- to the saturation curv»i 
steam must be used to pass through the* jack(*t. 

Let us first consider the th(‘oretical cast* wlc're dry saturated 
steam is supplied to the engine and this steam is kept dry throughout 
the cycle by means of a steam jack(‘t. The* law of th(* (‘X})ansion 

ifi 

curve can be taken as — constant. 



Let ABC!D, Fig. ISO, be tin*, eyelt*, therc^ being no clearance* 
Then, work done* during the cy(*l(‘— An*a AB(U) 

- A BliO + BlX-'f - DOrO - V, - 1' P 

lo 
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= 16(P3Fb - P^V^) workunits = - Pc^c) heat units. 


The heat taken from the boiler 

The heat taken in from jacket 
The total heat rejected 
net heat taken in 

h^ + q-h^. 


— Total heat at B ~ 

(measured from O'’ C.) 

= Q 

-= Total heat at C = 

J 


hciat taken in from jacket during cyelo is 


+ 11 , //„ 


Let (/ — h(‘at taken in from jacket during expansion. Then work 
P V P V 

(lone during expansion — 15(P„F„ - P,, V ) 

11 ’ 1 
15 

H(‘ai in steam at B ~ ; and heat in st('ain at C 

Q' -I- //„ -- ^ 'Ll I //^ 


In the abov(' (Mpiations the values must be calculated for the 
total amount of sl(‘am in tlu* cylinder. In this casf\ as there is no 
cl(‘arance, this will be the weight of cylinder fei'd. 

In practic(‘, (*V(‘n if stL*ain wen* dry on entering the cylinder, it 
would bi‘ AV('t at cut-off oving to initial condiuisation. The (clearance 
sl(*ani can b(^ found from tin* indicator diagram, and if the cylinder 
f(*(‘d is known, then th(* total Avi*ight of stuff in the cylinder (^an be 
oBtaincd, and hence tin* dryn(*ss fraction just after cut-(Aff and just 
before r(*l(*ase can be calculated. The values of pressure and 
volume just after cut-off and just before release being found from 
•the indicator diagram, the value (ff n in the expansion law PF^' 
- - constant (‘an be cah’ulati'd. Values of total heat of the stuff at 
cut-off and release are calculated from the equation H = h ~\- xL. 
and lu'iKie th(* amount of heat suppli(*d by the jack'*t during 
(‘xpansion can be found. 

Example 6. Tim proaaurc* indicated at cut-off in the cylinder of a jackotefi 
st.eiam engine is 751b. per sq. in. absolute, the volunn’i is 0-45 cub. ft. and the 
dryncHS fraction of the steam is O-TIh V the values o^pressurc and volume 
at release are tl4-2 lb. per#iq. in. and 1-05 cub. ft., find the heat which passes 
throufrh the cylinder walls during expansion. Assume 7*V” — constant . 
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Volume of 1 lb. of dry steam at 75 lb. per sq. in. absolute is 
5*83 cub. ft. 


/. indicated weight of steam at cut-off is 
Indicated volume at cut-off 0-45 
5^3 "" 5 


0-077 lb. 


weight of stuff in cylinder during expansion is 
Indicated weight of steam 0 077 

Dryness fraction 0-73 


= 0- 105 lb. 


Volume of 1 lb. of dry steam at 34-2 lb. per sq. in. absolute is 
12-16 cub. ft. 


volume of stuff in cylinder at release if all were dry is 
12-16 X 0-105 1 277 lb. 


Dryness fraction at release is 
Indicated volume of steam 
Volume of stuff if it were all dry 


105 

l~2fi 


0823 


From the steam tables the following values are obtained- 

p (lb. i)er sq. in. absolute) h (C.H.U ) /> (C.H.U.) ’(drynossfraction) 

75 „ „ ,, 1.54 07 504 38 0 - 7.3 

34-2 „ ,, „ 125-82 523 20 ^ 0-823 


Heat ill sti^am just after cut-off 

0 105(154-07 0-73 X 504-38) 54-84 lb. calories. 


Heat in steam just before release 

== 0-105(125-82 -i 0-823 X 523-26) 58-43 lb. calories. 


Now the value of in the law for expansion PF" = constant 
is found from 

„ -= ^ log 75 ^l()g ^-2 ^ ‘ 

log ^2 - log log 1 -05 - log 0-45 


Work don(‘. during expansion 

_ 144(75 X 0-45 - 14)5 >^34-^) 
"" 14()0('0-92'r-l) 


3 04 lb. calories. 


Heat in steam just aftt^r cut-off 1- Heat supplied from steam 
jacket — Heat in steam just before release + Heat equivalent of 
work done. 


/. Heat supplieo from steam 'jacket is < 

58-43 -\- 3-04-54-84 = 6-61b. calorics. 
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The Heat Balance in a Steam Engine. 

flow, namely, 

77 _ _L ^2 _ 

^ 2g 


The equation of steady 
W + Q 


holds for any h(‘at appliance, and hence can be applied to the 
steam engine. 

The velocities and T/g in the admission and exhaust pipes of 
the steam engine are both comparatively small enough to be 
•neglected, and hence we have for the steam engine the relation 
Hi - Ho = W + Q, that is, the difference between the total heat H^ 
in the admission pipe and the total heat H.^ in the exhaust pipe is 
equivalent to the work done W in the engine^ together with the 
heat lost Q to the surroundings. It must be noted that Q is the 
whole amount of heat lost between the two points where and TTg 
are measured. It can be reduc(d in practice by lagging the steam 
cylinder. If the loss of heat Q could be reduced to zero then 
W, that is, the work done in the engine is equal to the 
actual total heat drop in the steam in passing from the admission 
pipe to the exhaust pipe. 

This actual heat drop in a practical cast*, is not the same as th(^ 
adiabatic heat drop for the admission and exhaust pressures. For 
this to be the case, two conditions must be fulfilled. In the first 
place no heat must pass from or to the surroundings, and sec;ondly 
all proc(jsscs through which the steam passes must be reversible. 
Now in a practical case, although we may consider the heat lost Q 
as negligible, the process through which the stciam passes in the 
cylinder is by no means reversible. As we have seen, owing to 
initial condensation and re-evaporation, thert^ is a constant inter- 
change of heat between th(^ steam and the cylinder walls. This 
takes place while the steam is at a diffc^rtmt temperature to that of 
th(^ walls, and hence, although there may not be any loss of heat to 
the surroundings, yet the action is an irreversible one. In the 
next place, throttling or wire-drawing taking place in the steam 
a^^d exhaust ports involves internal friction, which also produces 
an irreversible action. Both these effects, therefore, reduce the 
actual heat drop to a value less than the corresponding adiabatic 
• heat drop. 

If, therefore, we assume that no heat is lost to the surroundings in 
a practical case, the effickmey ratio of the engine, which is measured 


Work done 
Adiabatic hf'iat drop 


may be expressed by 


Actual he'. at drop 
Adiabatic heat drop’ 


If there is a quantity of heat Q lost to the surroundings, then 
work done W — Hi- //g “ 


m 

and the efficieifby ratio = 


Actual heat dlop -mQ 
Adiabatic heat drop 
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Application of the Indicator Diagram to the Temperature Entropy 
Chart, If a temperature entropy chart is provided with constant 
volume and constant pressure lines it is a comparatively simple 
matter to transfe^r the indicator diagram of a steam engine to the 
chart. It must be remembered that, while the indicator 
diagram represtmts the actual weight of the steam in the cylinder 
between cut-off and release, the T(l> chart is drawn for i lb of 
stuff. 

The expansion line can be transferred direct from one chart to 
another if the saturation line is drawn on the indicator diagram.®' 
Thus, in Fig. 181, the dryness fraction for any point b on the pV 



diagram bol \v(‘en cut-off and n^lease is measured by Hence, if 


ac 


a'f/ 


a! c! and ac are at corresponding pr(\ssures, and ii^madc equjil 

( 1 / c 


to tli(^ ])()int 1/ on the T(f) (Jiart will corr(*spond to the point b 

on the PV chart. In this way the whole (expansion line may be 

drawn. For any otluT ])oint the waught of stuff in the cylinder 

during expansion (including ch'aranc.e) must be calculated as showm 

in a previous ])aragra])h. If this weight- be W, them, volume to be 

1 j mi I i. Volume from chart . 

plotted on I cf) chart — — — . Having in this way 


corrected tlu‘ volumes from the PV chart to volumes corresponding 
to 1 lb. of wwking substance, each jiair of values of pressure and 
volume c;an bi; plotted on the T<f> chart, by the aid of the constant 
j)rt\ssure and constant volume' lines. 

Boulviu\s Method of Drawing the Diagram^. In this method 
four scales for entropy, teni])erature, pressure, and specific volume 
are drawn from a common centre C, Fig. 182. 

The following curves are now drawn in the four sections so 
obtained — 


Section /. 'The curves connecting temperature and entropy for 
w^ater {A) and for dry saturated fffeam (.6). 

Section II. The curve comn^cting temperature and pressure for 
dry saturated steam {€). 
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Section III. The c;urve connecting pressure and specific volume 
for dry saturated steam (Z)). 

The weight of stuff in the cylinder during expansion must now 
be calculated as shown in a previous paragraph. Knowing this 
weight W, the volumes on the indicator diagram can now be reduced 
to volumes corresponding to 1 lb. of stuff, and the indicator diagram 
so reduced can be drawn in Section III of the chart. 

The indicator diagram so obtained for 1 lb. of stuff can be trans- 
•f erred to Section 1 as follows. In Section I draw any constant 



pressure liiu* ab and produce it across to cut the xM'^^'f^sure tem- 
pA’aturi' curve C in c. From this jioint c dro}) a vertical line to 
cut th(^ ])ressure volume curve* I) in d. Draw a horizontal line 
through d and a v(*rtical line down through b to cut one another 
•in e. Project a V(*rtically down to cut the entropy scale at a'. 

A little; thought will show that thi; point e on the volume scale 
m(;asures the volume of 1 lb. of dry steam of a temperature and 
entropy given for the point b. The volume of 1 lb. of stuff corre- 
sponding to a can be taken as zero, as it is there all water. Hence, 
if we join ea' we obtain v line ea' Avhich gives the volume of 1 lb. 
of stuff at a pressure and temperature corresponding to the point b 
for all conjjitions from dry steam t^^ water. Th*| two points on the 
indicator diagram cowesponding to this pressure ’are / and 
Hence, if we project ’these" two points / and /' across to g and g\ 
and then up to k and k', we obtain the points k and k' on* the T<f» 
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chart, corresponding to the points / and f on the PV chart. By 
proceeding thus for various pressures, the whole T<f> diagram may 
be obtained. 

Compound Engines. The tendency in modern practice is to use 
higher and higher boiler pressures. This makes it nc^cessary to have 
a large ratio of expansion which, if carried out in a single cylinder, 
would be uneconomically and practically disadvantageous. In the 
first place the large ratio of expansion would necessitate a very 
early cut-off and a very large and heavy cylinder, because not only^ 
would it be necessary for the cylinder to accommodate the l0/rge 
volume of stc^am at the low exhaust pressure, but the walls wiuld 
have to be thick enough to withstand the high initial pressure. 
The initial stress on the moving parts at the beginning of the 
stroke would also be excessive, and heavy moving parts would\be 
necessary. Again, with a single cylinder engine the turning mom(^nt 
on the crankshaft is very variable, and a heavy flywheel would 1()e 
required to even out the variation of torque during the cycle. 
Another disadvantage would be thi^ amount of initial condensation, 
which, of course^ incr(‘ases with the temperature variation of the 
cylinder walls, which increases with the difference of pressure of 
incoming and exhaust steam . 

By dividing tlu^ pressure drop between two or more cylinders, 
the cut-off in any one of the cylinders is reduced, the low pressure 
cylinders need not have such thick walls, whil(‘, as ^he range of 
stress on any one piston is reduced, the moving parts may be of 
smaller dimensions. By arranging the cranks at 90° to one another 
in the cas(^ of two cylindt‘rs, or at 120° in the cas(^ of thrcic cylinders, 
the torqiu'. on the. (irankshaft will be more uniform during the cycle. 
This, however, is not the case if the cranks are in line or at 1 80° to 
one another. 

The reduction of initial (jondensation is du(^ in the first case to 
the smaller pressure difference in any one cylinder, and secondly to 
the fact that, as evaporation occurs during the exhaust stroke, the 
steam leaving one c;ylinder is practically dry again as it enters the 
succeeding cylinder. 

Compound engines have two, three, or four cylinders. Two- 
cylinder compound engin(\s may have the two cranks at 0°, 180°, 
or 90° to one another. In the first ease there need be only one 
crank, the two pistons b(ung in tandenn on the same piston rod. 
In this case, and in tht^ case where the cranks arc*. 180° apart, the 
two pistons are at the end of their respective strokes at the same 
time, and hence the? steam can be exhausted from the high pressure 
cylinder directly into the low pressure cylinder, the two cylinders 
being connected tlp'oughout the stroke. In this case tfiere will be 
continuous expansion throughout the strokii in the low pressure 
cylinder and no independent cut-off. When an independtmt cut-off 
in the low pressure cylinder is required, or when the cranks are 90° 
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apart, a receiver must be provided between the two cylinders 
This receiver takes the steam from the high pressure cylinder and 
holds it until the low pressure cylinder is ready to draw from it. 
The pressure in the receiver will obviously vary throughout the 
stroke, according to the supy)ly of steam from the high pressure 
cylinder and the demand of the low pressure cylinder. In modern 
engines the receiver volume is generally amply provided for by the 
^connecting pipe and low pressure steam chest between the cylinders. 
Receiver space is also necessary for triple expansion engines where 
the three cranks arc 120° apart. 



Two-cylinder Compound Expansion. In Fig. 183, let ABODE 
represent the hypothetical pressure volume diagram for the com- 
plete expansion in a two cylinder compound engine, neglecting 
clearance and compression, and let the pressure at the point F be 
the mean rcceivcT pr(‘ssure. It has already been pointed out that 
th.Vi receiver pressure will vary throughout the stroke. If the 
^ volume of the receiver space is large compared to that of the 
cylinders we may assume that the receiver pressure rcjmains constant 
throughout the stroke. In this case ABGF will represent the PF 
diagram for the high pressure cylinder and FGCDE will represent 
the PV diagram for the low pressure cylinder. The stroke volume 
of the low pressure cylinder is independent of the value of the 
mean receiver pressure, that is, it is not affected by the position of 
the line FQ which divides the diagram up betweop the two cylinders. 
In other words, the stroke volume of the low presstire cylinder is 
* ED 

such as if the total number of expansions takes place in the low 
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pressure ej^linder aJone, 
cylinder stroke volumes 


and it is not affected by the ratio of the 
-rr.. It will be noticed that in this case, 

T (t 


where the volume of steajn in the low pressure cylinder at cut-off, 
namely FG, is the sam(‘. as the stroke volume in the high pressure 
cylinder, there is complete expansion (BG) in ihti high pressure 
cylinder. In practice^ however, for reasons which will appear later, 
there is generally a drop of pr(\ssure at release in th(‘ high pressure 
cylinder, as shown at HK, Fig. 184. 

For the purposes of calculation it is generally assumed that ijhe 
expansions BH and GC in the two ( ylinders on ilu^ saiiK’j curye, 



and the law assumed for this curve is that for hy])erbolic expansion, 
namely, PV — constant. 

liatio of the Cylinder Volumes (li). 'Fhe total number of expan- 

Fl) 

sions in the engine is represented by th(' ratio . Fig. 184. The 

number of expansions in the high pnvssurc' c ylindc'r is r(n)resented ‘ 
FK 

by or the cut-off in th(' high pressure cylinder is r(‘pres(‘nted by 
AB 


FK' 


t El) 

Hence the cylinder volume ratio — R ~ 

A 


ED AB 
AB^' F K 


= Total nbmber of expansions X (^ut-off in higll pressure 

‘'a 


or, Total number of expansions, r = 


Cut-off in high pressure 
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Distribution of the Pressure Drop Between the Two Cylinders. Let 
p^ = initial pressure in high pressure cylinder ; p^ = receiver pres- 
sure \ Pb — exhaust pressure. 

In determining the receiver pressure, two conditions arc desirable. 
In the first place, the initial load on the piston exerted by the steam 
at the commencement of the stroke should be approximately the 
same for the two cylinders. That is — 


AF X Area of high pressure FE x Area of low pressure (Fig. 184), 

, , , , Area of low pressure 

i.e. (Pi-Pr) ^ (Pr-^Pbi K i • 

Ai’ca of high pressure 

If the stroke is tht^ same for the two cylindc^rs, the** ratio of the 
areas will be the saTiK‘. as the ratio of the cylinder volumes M. 

Hence, in order that the initial loads on the two pistons should 
be equal (Pi-Pr) (Vr~Ph) 

The second condition is that the work done in the engine should 
be equally divided betwc'en the two cylinders. 

Now work in a cylinder per stroke 

™ Mean (^fTective pressure’s x Stroke volume. 


Hence, for equal distribution of work, and assuming the simplest 
formula for the mean effective pressure, we have 


Px 


p (1 + logs r,) (1 -t- logj rj) 




R 


If clearance and comyjression are known, the more complicated 
formulae for the mean elf(»ctive pnsssure may be used. 

The two conditions just discussed cannot g(^ncrally be satisfied 
when the expansion curve is continuous, as in Fig. 183, and lumce 
a compromise is made by having a ])ressure drop at release in the 
high pressure cylinder' as at HK, I^ig. 184. 


Example 6. Esl-iinato the (’yliiidor dirneiiHions of a compoinid steam 
enviiic to dovolop .500 f.H.P. at 1^0 r.p.m. Initial pressure 1201b. per sq. in. 
absolute, back pressure -tlb. per .S(p m. absolute, allowable piston speed 
500 ft. per min., cylinder ratio ,'{•5, diagram facdor 0-S5, cut-ofl in high pressure 
cylinder at 0-4 st roke. If tlie point of cut-off in the low pressure cylinder is 
at 0-53 stroke, determine the ap]iroximato low pressure receiver pressure and 
^compare tlie initial loads on the two ])istons. Assume no clearance. 


. . Cylinder volume ratio (B) 

Total number of expansions — 7 -.—^ 1 - 

' Cut-off in high pressure cylinder 


= = 8-75 

0-4 


u 

Mean effective pressure for whole engine = y (1 + log^r) -pj, 
120 ^ 

= o 1 ::^ (1 + 2'3 logio 8-75) - 4 = 39-5 lb. per sq. in. 

8-75 

31 — ( 5434 ) J 
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actual mean effective pressure = K X 39-5 = 0-85 X 39-5 

= 33-6 lb. per sq. in. 

PLA2N 

I.tf.P. = wlu're 2LN — 500 ft. per min. 


33,000 

^ 33^0^X J.H P. 
~ P X 2LN~~ 


33,000 X 500 
33frx“50(r 


— 982 sq. in. 


Diameter of low pre^ssure cylintIcT — 
Diameter of high piv'ssure cylnuler — 


982 X 4 


314 
35-4 35-4 

\ lt~ V3-5 


35-4 in. 


-- 18*93 in. 



Hence, the diameter of liigh ])ressur(‘ cylimhT is 19 in. ; diameter * 
of low pressure cylind(‘r, 351 in. ; and the strok(‘, 25 in. 

Fig. 185 shows tin* liypotludical indicator diagram for the engine 
taking the stroke volunu* of the low ])r(^s.sure eyliiid(*r as unity. 

To find the value of pj. we liave, for 1h<‘ ])oiTit A^ 

0*4 

^ 120 X 

I 

. » 120 04 „ 

. . pressure at if — ~ 0 53 ^ 3 5 ~ sq. m. 
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Load on high pressure piston (Pi-Pr) (^20 - 25-9) 
Load on low pressure piston (pj. - jh) (25‘9 - 4)3'5 

1-22 

f 

Governing of Compound Engines. We will consider three cases, 
namely, governing by throttle, by variation of cut-off in the high 
^pressure cylind(ir, and by variation of cut-off in the, low pressure 
cylindt'r. For simplicity, consider an engine with a eylindiir volume 
ratio of 5 : 2, and with cut-off in the high pressure cylinder at full 


A B 



Fig. 180a.' Tiibottck Oovibining 


OL h h 



load of 1/2. Li^t the bade pressure in the low pressure cylinder 
be zero. 

Fig. 18G illustrat(‘s tlie three eases, the full load diagrams being 
A^DEF, abdef, a'b'd'e'f' r(*spectively, the dividing line between the 
high pressure and low pressure diagrams being (/O, gc, and g'c' 
respectively. 

» Case L Throttle Governing. Suppose the full load pressure FA 
reduced to half by throttling, that is, to FG, the cut-off in each 
cylinder remaining the same. The light load diagram will become 
GHLEF, The high luessure work will be reduced from ABGG to 
OHKM and the low pressure work will be reduced from GCDEF 
to MKLEF. 

Case II. High Pressure Cut-off Governing. Suppose for the light 
load the cut-off in high jiressure is reduced from y2 to 1/4, the initial 
pressure and the cut-yff in low pressure remaining Constant. The 
light load diagram will become ahlef, the high pressure work 
becoming ahkrriy which is not very different from abeg, while the 
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low prossure work is reduced from gedef to mklef. Governing by 
varying the cut-off in the high pressurtj cylinder will therefore 
reduce the proportion of the work done in the low pressure cylinder 
on light loads. With condensing engines at very light loads this 
may caus() the average pressure in the low pressure cylinder to fall 
below that necessary to overcome the back pr(‘ssure and the fric- 
tional resistance', thus reducing the efficiency of the engine. 

A comparison of the diagrams Figs. 18Ga and IHGu shows that the 
high pressure c ut-off govcTiiing is more economical than throttle « 
governing. Tfu^ light load diagrams for the low ])rcssuro cylimlcr, 
namely, MKLEF and wkJef, are tht'. same in ea(‘h cast', the relkase 

pressures LE or le \also 


CL 




the 


or 
same. 




ncc 


being 

rf .st(!^am 

at tht' same re least' pi^^s- 
surt'. is exhausted fropi 
the c'ngine in each case, 
whert'as work dtme with 
throttle governing is 
r('])reseiited by GHLEF, 
w hile the work done with 
high pressure cut-off 
governing is represented 
by the larger area ahhf . . 

Case 1 11.^ Low Pres- 
sure Cul-off Governing. 
Suppose the high prt'ssure 
cut-off is kept constant at 
J, while tht' low pressure 
cut-off is changed from 
to 3/5. By this change t)£ cut-off the high pressure wx)rk is 
increased from (ih’cUf to a'fj'c'k'nt, while thti low pressure work is 
decreased from g'c'd'e/f' to w'Vd'e'f' . Thus, by making the cut-off 
in the low prt'ssure cylindt'r earlier, the tt^tal w^ork donti by the 
engine is only slightly affected, but the projKution of tht*. total 
work done in tht* low' pressure cylinder is reduci'd, while the work 
done in the high pressure cylinder is increased. 



Example 7. ()l)luiii ratio of fylmder an'tis for a (■oin})Oiin(l steam 
engine reruMving stourn at 100 1)> [mt sq. in. absoluto and oxhansting at IJlb. 
per sq. in. absokde. (Uit-oft in bigb pressure at 0-4 stroke and low pressiiro 
at O GO of strfike. Take, the cle.araneo in eaedi ease, as 1 / iO of tlie volunio swtqit 
through by piston. Assum(‘ tlio cylmd<‘r feed 1o bo O O lb. per stroke and the 
weight sliut 111 the liigh jiressun'. and low ])reK.sure, oylinders to bo () ()5 and 0 03 
rospootively. Draw the. probable combined diagram, ])utting in the inter- 
mediate pre.s.sure, lino so that the work shall be approximately equally divided 
between the cylirjdcus.l Estimate tl#5 horse-power of the combined engine 
tand the steam used pesr horso-]iower liour. Assume a dryness fraction of 
0 75 in the high })ressiire cylinder for initial condensafion. 

{UK, B.Sc. {Eng.), n20.) 



Pressure^ lh> pen sq. Inch, 
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The diagram, Fig. 187, is obtained in the following manner — 
Weight of stuff in high pre^ssure cylinder at cut-off {B) 

= cylinder feed + clearance = 0-6 + 0 05 = 0-65 lb. 

The dryness fraction at = 0-75. 

Volume of 1 lb. of dry steam at 100 lb. per sq. in. = 4-451 cub. ft 
indicated volume at B = 4-451 X 0-75 x 0-65 ^ 2-17 cub. ft. 
Now the volume AB — 0-4 x stroke volu nu^ of high pressure. 

AB 

Stroke volumes of high pre.ssure — 



Fici. 1S7 


Also, 1- Clearance of high pressure. — Volume at B ~ 2-17 
Stroke volume', of high ])ressiire ^ 


AB + 
AB f 


10 


AB 


^ ^ --- — 2-17. volume A B ^ 1-730 cub. ft. 

0-4 X 10 


• stroke volume of high pressure 


1 -736 


0 4 


- — 4-34 cub. ft. 


(Clearance volunif^ of high pressure is 0-434 cub. ft., and indicated 
volume at E — 4-34 0-434 — 4-774 cub. ft. 

For the work to be equally distributed between the cylinders 
W(^ have 
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where, from the question, = 100 ; pj, = 3 ; 


1 


0-4; - = 0-60; 


a = 01 ; R = cylinder volume ratio. 

100 |o-4 + (0-1 + 0-4)2-3 logic -Pr 

1-66 + (O-l + 0-66)2-3 logi„ - 3 j 

i.e. 79-4-2), -- (0-941 |>,-3)7J • 

To find It. Let V be the strokti volume of low 
volume PC = 0-661'. 

indicated volume at C — 1'^, = volume FC + clearance, volumj 


= ^0-f 


of high pressure — O GO V + 01 V = 0-76 V. 


V 

V — — 

0-76 ■ 


217 217 

NowP„r,:=]00 X 217,an(lP^F,^::-P^,F^. 1,--^ - 


Vr 


_ 


stroke volume of low pressure 

0-7G p. 

Volume of low pressure^ 


y_ ’c ^ 217 

0-76 


cylinder volume ratio R 
217 


Volume of high pre^ssure 
0-7“6^4-34"" p7' 

Substituting this value of R in equation (1), wo. hav(i 

G5-8 


794-/;^-= (0 041 p,- 3) 


Pr 


058 


whence ^ 25-3 lb. porsq. in. ; R ™ — 2-6. 

Stroke volume of low ])ressur(^ = 2-0 x stroke volume of high pressure 

= 2-6 X 4-34 = 11-284 cub. ft. ' 
Volume of point I) = 11-284 + I 128 — 12 41 cub. ft. 

217 ‘^17 

Volume of point C - — == „ — 8-577 cub. ft. 

^ p^ 25-3 

2^7 

12 41 

The volunu's at H and L can be obtainc'd if wo assume that the 
steam at these points is dry. 

Then, volume at P — weight qf ck^arance^ steam in higl;\ pressure 
^multiplied by specinc; volunH‘ of steam at 25 Lb. per sq. in. 


Pressure at P — — 17-5 lb. jjor sq. in. 


per sq. 

= 0 05 X 16-29 - 0-815 cub. ft. 
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Volume a,t L = weight of clearance steam in low pressure multi- 
plied by specific volume of steam at 3 lb. per sq. in. 

= 0-03 X 118'6 = 3-56 cub. ft. 

Assuming PV = constant for the compression curves, the pres- 
sures at M and K can be found. 


Horse-power. Assume speed at N r.p.m. 

In the high pressure cylinder, mean t'ffectivo pressure 794 - 25-3 
from Equation (1) = 54-1 lb. per sq. in. 


rjjA2N 

Horse-powt^r ^ -- — {A Ixhng in scpiare inches) 


r.41 X 4-.‘]4 X 144 
33,()()0 


2N -- 2 ()5iV. 


In low proMsuro cylinder ini'an effective pressure 

— 0*941 X 25-3 - 3 — 20-8 lb. piu’ sq. in. 

• u * 1 20-8 X 11‘28 X 144 

. . Horse-power p(U' st roke = — X 2A^ ™ 2-05iY 

Total horse-pow('r — 4- 1 A, and 

. Cylind(‘r feed X 2iV X 00 

steam consumplioii = — - — ,, — — 

Horsii power 


0-0 X 2iY X 00 
AlY 


== ISlb.perH.P.hour. 


EXAMiq.lCS X 

1. An eii^jsino liikos in dry naturated steam at SO ib. ])er sq. in. absolute, 
and exliausts ai. ITilb. ])er sii- in. absolul-e. Delormitu) Ibe work done per lb. 
of steam and tlio (ittieiency when workinj^ on (n.) llui Ckirnot cyelo and (6) the 

•Rankino cycle. [I.Mcrh.K., 1925.) 

2. Compare the Haiikino and (Wnot cyek‘.y ior a vapour like si earn, illus- 
trating your an.swers witli eketehes of the pressiire-volunKs and t-emjierature- 
ontropy diagrams. Ohl-ain an expre.s.sion for the w ork available per lb. of 
steam by an engine working on tlio Rankino cyelo. A steam engine takes 
ill steam at 100 lb. per sip m. ab^^ohite, and exhausts itp at 5 lb. per sq. in. 
absolute. Assume that it.s eftieiency ratio using the Rankme cycle standard 
is 62 per cent, and estimate its .ste.am consumption jier F.H.P. hour. 

{I.Mcrh.E., 1923.) 

3. Explain wliy tlve im rease in efticiency ohtninetl by using superheated 

st;eam in reeiprocating engines is more than the gain wdneli would bo expected 
from coii^ideration of the increase in^etUcieiKw of t^e corresponding Raiikine 
cycle. • • 

A steam engine, wrorking over a constant pressure range of 90 to 14-7 lb. 
I>or sq. in. absoluh^, has a constant ratio of expansion, and is supplied with 
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steam at various degrees of superlieat. The steam consumption was observed 
to be as follows-— 


Temp, of steam supply ° C. 

dry 

202° 

24.5° 

290° 

Steam per I. H.P. hour, lb. 

42-0 

37-4 

32 3 

271 


Plot curves showing the variation with degree of superheat of the actual 
nfficiency and the Rankine efficiency. {V.L., B.Sc. (Kiig.), 1923.) 


4. Kxplain why the Rankine cycle rather than the Carnot cycle is emjiloyod t 

as the standard vnth which to compare the perforinanee of actual steam 
engines. ! 

In an efficient steam engine jilant the boiler sn])plies the engine with dl-y 
saturated steam at a pressim*- of 1 HO lb. per sq. in. ahsohite. If the condenser 
pressure is 3 Jb. ]ior sq. in. absolute, cahmlate the Rankiiu' efficiency of tlto 
engine and selecting your own values for the boihn* efficiency, tlie mechanical 
efficiency, and the efficiency ratio, estimate the probable overall efficiency 
of the plant from coal to brake. {C.L., Ji.Sr. 1920.) \ 

\ 

5. Steam reaches a turbine at a ^iressun* of 180 lb. per sq. in. absolute, and ' 

2 per cent wet, but before entering the nozzles chest it is throttled to a pressure 
of 120 lb. per sq. in absolute. In the turbine it ex])ands to 20 lb. jier sq. in. 
absolute, with an efficiency ratio of 55 per cent. The steam tlmv amounts 
to 5-2 lb. per sec Determine (a) the condition of the steam at exhaust, 
and (b) the power developed by the turbine. (f\/y , If Sc. {Eng ), 1921.) 

0. State what is meant by tlic “ Willans Line.” A steam engine governed 
by throttling, uses 1,1801b. of steam yK*r hour wlicn deve]o])ing 55T.H.P. , 
and 4,800 lb. per hour when di'velopmg 280 I H.P. hind the Euiproximate . 
thermal efficiency of tlw' t*ngme when (levt'loping 200 1 H.l^., awummg tlie 
steam sujiplicd to be dry and saturated at 180 1b. per sq. m. absoliitt', and 
the back pressure to be 2 lb jier sq. m absolute. (l.Mcch.E.., 192().) 

7. Explain what is meant by the ‘‘Willans Line.” Tin* test results from 
a turbine governed by tbrottlmg can be rejire.sented by a line whose equation is 

a 0-0021 N h 1-15, 

whore G is lb. of steam per .second, and N is liorse-iiower The maximum 
power is 5,000 H.P., and the conditions of steam .sup])ly at this load are 200 lb. 
per sq. in. absolute, and 100® E. superheat. Throttling is at constant heat 
and the condenser pressure is 1-0 lb. per sq. in. absolute. A.ssuming tliat the 
, steam pressure varies directly as the steam flow, calculate tlie efficiency ratiJ 
of the turbine at one -third power. {1 .Mcch.E., 1924.) 

8. Calculate the cylinder diameter and stroke of a double acting steam 

engine that will develop 120 1.H.1*. under the following conditions : Initial 
pressure 80 lb. per sq. in. absolute ; back pressure, 10 11) per sq. in. absolute ; 
revolutions j)er minute, 100 ; average piston speed, 500 ft. yier min. ; cut-off 
at 0-4 stroke. Take the diagram factor as 0-85. {J.Mcch.E., 1925.) 

9. A single cylinder double aeting steam engine has a yii.ston diameter 
of 11 in., a stroke of 18 in., and the clearance volume is 8-5 j)er cent of the 
swept volume. The steam supyily is at 70 lb. yier'sq. in. gauge yiressure, and 
the exhaust at atmospheric yiressure (30 in. of mercury). Ckit-off is at 40 per 
cent of the stroke and ci^npression at 8^ per ciuit. Assuming that the actual 
indicator card lias an area 90 per cent of that of tlie tlieoretical card having 
hVporbolic exyiansion and comyiression, find the iiidicatA>d horse -yiower of the 
engine when running at 185 revolutions per min. ( f KL., B.Ec. (Eng,)^ 1926.) 
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10. Show how the “ niissing quantity ” in a steam engine eylindor may 
be determined for any point of the stroke between eiib-f)ff and release. 

Determine the “ missing quantity ” at cut-ofl from the foil owii^j particulars : 
Cylinder diameter, 12 in. ; stroke, .‘10 in ; clearance S jier cent of volume 
swept by piston, conHum])tion at 104 R.P.M. ; 2,400 lb. of steam ])er hour. 


Event Fraction of stroke' Pret 

Cut-off . 0-2() 1 12 lb. ])er h((. in. abs. 

Compression 0-S2 24 lb. ]ier sq. in. abs. 

(I.Mrch.E., 1924.) 

11. The effective vobiinc of the cylinder of a steam engine is 0 02 cubic ft., 
and the clearance volume is 8 5 per eemt of (bis volume. The weight of steam 
in the cylinder at half stroke is O-OOIl lb., and the ])ressure is 42 lb. per sq. in. 
absolute. The steam expands hyperbolieally to 0 0.5 stroke. (Calculate the 
final dryness of the steam, and determine the numbi'r of heat units that pass 
through the walls into the cylinder during exjiansion. 

Ji.Sr. 1022.) 

12. (Calculate the cylinder diameter and stroke ol a coTn])oiind engine to 
develop 400 1.H.P., under tlie following eonditions : Admission pressure, 
105 lb. per sq. m absolute ; back pri‘s.sure, 2 lb. |j(‘r s({. in. absolute ; revolu- 
tions jier minute, 120; average iiiston s])eed, 720 ft. per min ; number of 
expansions, 15 ; diagram factor, 0-85 ; eut-off in H.P. at 0 27 stroke. How 
would you fix the jioint of eut-off in the L P. cylinder ? 

(1 Mvch.E., 1925.) 

13. A eomjiound steam engine is to dovelo]> 125 horse-power at 110 revolu- 
tions per minute. The steam sup}»ly is at 1051b. ]ier sq. in absolute, and 
the conden.ser ])re.ssure is .31b ])er sq. in. absolute. Assuming hyperbolic 
expaiLsion, an expansion ratio of 15, a diagram factor of 0 7, and neglecting 
clearance volume and receiver lo.s.ses, determine the diameters of the cylinders 
so that they may ilevelop equal powers. The stroke of each jiiston may be 
taken equal to the low pressure evlinder diameter. 

(Eug.), 1022.) 

14. The two cylinders of a compound steam engine have the same stroke, 
and the ratio of piston diameters is 1-8. Assuming hy]ierl)olic expansion, 
anil neglecting clearance, find the ])Oint of cut-off in the low' ])ressure cylinder, 
wdiich will theoretically give maximum efficiency if tlie cut-off in the high 
proHSuro cylinder is at half stroke. 

A series of trials on this engine made at apjiroximately constant sliced, and 
mn which the point of low jiressun* cut-off w as varied gave n'siilt as follows-- - 

Steam supply dry and saturated at 02 lb. p(*r sq in. absolute. 

Condenser pres.sure 2-75 lb. per sq. m. absolute. 


L.P. cut-off 

()-225 

0 254 

0-330 

0 350 

0-508 

0-07 

B.H.P. . 

404) 

570 

5() 5 

5fi- 1 

.54-4 

47-0 

Steam per hour, lb. 

. lOfiO 

1214 1 

180 

1105 

1100 

1000 


Plot on a low pressure cut-off base a curve of thermal eflieiencv (H.H.P. 
basis). (r.L., (/i’m/.), 1024.) 
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STEAM NOZZLES 

Velocity after Expansion Through a Nozzle. If steam is allowed to 
expand through a suitably shaped nozzle, part of the heat energy 
in the steam may be converted into kinetic energy. In order ta 
investigate the process let us consider the equation of steady flow, 
the heat appliance in our imaginary enclosure being a nozzle. The 
ideal nozzh', being an appliance to convert heat energy of the steteim 
into kiiK^tic energy, should muther gain heat from nor lose it to the 
surroundings, and no (external work should be done by the expansion. 
Therefore, in the equation of steady flow (p. 43), \ 

r; 2 _ r/ 2 

h,-h, + a^^^-^ = aw^q 

both W and Q are zero. 

Hence J(H^- H,) 

This equation shows that the gain in kinetic energy is equal to 
the changes in total heat of the fluid, J Ixdng intro(lu|ed, as both 
side's of the equation must bo expressed in the same units. 

If, for the sake of simplicity, we assunui that the initial velocity 
is negligible coin|)ared to the final velocity U,y, tlujn 

u, = 

If, in addition to the assumption that there is no heat transfer 
from or to the enclosure and surroundings, we also assume absence 
of friction, then at first sight it would appear that - Hg is the 
adiabatic heat drop for th(^ difference in pressure considered. It 
will be shown, laUir on, that the ordinary type of adiabatic expansion 
so far considered dot's not, in general, happen in thi5 practical case 
of expansion through a nozzle ; but it will be convenient to assume, 
in the first instance, that this type of (expansion does take place. * 

Hence the velocity of steam leaving a nozzle is 

U \/2gJ (Adiabatic heat drop in the nozzle). 

If we, therefort', wish to find the velocity obtained by expansion 
through a nozzle from a pressure Fi to a pressure A, then the 
adiabatic heat drop between these two pressures must be either 
calculated by firslu finding thd dryness fraction after* expansion, 
and hence the value of the total heat aftcTr,, expansion, or it may 
be rea(^ off the H<f) chart direct. 
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Example 1. Dry saturated steam, at a pressure of 2001b. per sq. in. 
absolute, expands adiabatically through a suitably shaped nozzle to a final 
pressure of 2 lb. per sq. in. absolute. What is the final volooity of the steam ? 


Initia^l tota<l heat = 669*69 C.H.XJ., at 200 lb. per sq. in. (from 
Table I). Dryness fraction after expansion 


= ^2*3 X log 


467*46 , 472*2 \325*37 


325*37 

\ 

Total heat after expansion 


+ 


467*46 ^566*51 


- 0*788 


=r h + xL, at 2 lb. per sq. in. (from Table 1) 

-- 52*16 -1- (0*788 X 566*51) -- 498*6 O.H.U. 
Adiabatic heat drop 669*69 - 498*6 171 C.H.U. 


This heat drop can be measured directly on the Hcf) chart. The 
initial state point is given by the intersection of the 200 lb. per 
sq. in. pressure line with the saturation line. A vertical line through 
this point will cut the 2 lb. per sq. in. pressure line at the final 
state point. The vertical distance between these two points, 
measured on tlu* total heat scale, gives th('< lieat drop. 

Then velocity U = V2(jJ (heat drop) 

= V'2 X ■ 32-2 x”1'4077x 171 3926ft. per see. 


The velocity may also be expressed in terms of pressure and 
volum(\ It has already been shown that if a fluid expands according 
to the law PV^ — constant, the value of the heat drop 
for an expansion from pressure to pressure is givtm by 

(7\F,-P2F2). 



* Hence U, = J'lg ^ (/>. V, - P^V,) 




1 P2 ^ 2 

) 

But = 

^^^1 , and substituting for 

Vi 

This formula should give the same ^ 

O’- 

^^alue for 

T 

17., as •that calculated 


from Pg = VigJ (adiabatic heat drop). 
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The two values will not be quite the same for, as we have already 
seen, the value to be taken for n when steam expands adiabatically 
is not definite. If the initial stab* of th(' stt'am is taken as dry 
saturated then the value n ^ 1-135 may be taktm. 

Area oi Cross-section of Nozzle, l^t the area of cross-section of 
the nozzle at the ]:)oint wh(u*e tlie ])ressure is Pg ^2 If the 

weight of steam passing ])er st'cond be 31 lb., then the total volume 
of steam passing the point considered is M Fg where 

Fg is the specific' volume of tlu' si-cNani at that^ ])oini in cidhc fect^^ 
per pound. The total volume^ of the sic'am })assing ])C‘r second is 
obviously also given by AJ'^ (‘>ib. ft. j 

- M V.,, or - - - [{- 

j 1 o I 

But as PglV' 

Hence 



or 


jM 

A, 




From this ecpiation, if M is known, thc' arc'a of the' nozzle at any 
point where the* jircssutc' is /\ may bi‘ calculatc'd. 

Another mc'thod for tinding llic' nozzle area is as follows. We 
have, as bedore, 

M Vo 


and 




If the dryness fraction x after ex|)ansion to th(' jm-ssure 
found, then 

Fg -- :rF,2 


whe^e F ,^2 is the sjit'cilie volume of dry saturatc'd stesam at thc^ 
pressure Po- 


Hence, 


M _ IJ, y2gJ{H,-II^ 
A, Vo ^rg ■ 


Example 2. Kmd tlie Hliiipt; of a nozzh- of oiroular fross-sortioii to expand 
dry BUturatod steam from a pressure of 200 Hj. ‘pt^r sq. in. absolute to a back 
presauro of 21b. per sq. in. absobift- Assume frietionless adiabatic expansion, 
with the pressure falli^f^ UTnfonuly ay)u^ nozzle. • 

* 

The figures are shown in the* tablc^ bc'low, The values of thc 
dryness fraction wc^rc obtainc'd from thc 11(f) chart. The values of 
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heat drop from an initial pressure of 200 lb. per sq. in. down to the 
various back pressure's were also obtained from the Hcf) chart. 

The values of for dry saturated steam were obtained from 
the tables. 



In Fig. 18S the values of specific, volume, velocity and discharge 
per unit tyea are shown plott('d with the axis of tlii' nozzle as the 
horizontal co-ordinat4\ "The s(^ct^on of the nozzle obtained by 
plotting the various^ values of D along the axis of the nozzle is 
also given. , 
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Nozzle fob Fbictionless Adiabatic Flow of Steam 


Pressure 

P 

Ib./sq.in, 

Drynes.s 

fraction 

% 

Heat Drop 
H 1 -H 2 
c H v: 

Velocity 

U 

ft. /see. 

Vs 
cub. 
ft /lb. 

Specillc 

Volume 

V - xVs 
cub.ft./lb. 

Discharge 
per unit 
M U 
,irea-=._ 

Ib./sq. ft. 

Area 

A 

sq. ft. 

Diameter 

J) 

it. 

200 

1 








190 

0'995 

2 9 

511 

2 435 

2-423 

211 

0 0475 

0 246 

180 

0 992 

5-0 

703 

2-562 

2 04 

266 

0 0376 

0-219 

150 

0 98 

12 5 

1061 

3 041 

2-98 

350 

0-0281 

0-189 

100 

0-954 

31-5 

1085 

4-451 

4 25 

397 

0 0252 

0-179 

50 

0 915 

00-5 

2335 

8-520 

7-80 

300 

0-0334 

0-206 

40 

0-904 

09 

2494 

10.50 

9 49 

263 

0-0381 

0-22h 

30 

0-89 

80-5. 

2095 

13 74 

12 23 

220 

0-0455 

0-2Sl 

20 

0 873 

95 

2926 

20-08 

17 .53 

167 

0-0600 

0‘27\7 

10 

0-847 

119 

3275 

38-39 

32 .52 

101 

0-0990 

0-355 

6 

0-828 

135-5 

3494 

01-91 

51 25 

68 

0-1470 

0-433 

2 

0-794 

108 

3891 

173-50 

137 70 

28-5 

0-3520 

0-6701 


From these curves it will be seiui that at the higher pressures the 
specific volume V increase's at first slowly as the pressure drops,\ 
while the velocity U increases at a greater rate. As the expansion 
proceeds the increase of the specific volume V becomes greater than 
the increase of velocity U. Hence, as we proceed from the high 
pressure end to the low pressure end of the nozzle, the area A, 

V 

which is proportional to deert'ases to a minimum and then 


increases. In other words, the nozzle is of a convergent divergent 
section. The point of the nozzle where the art'a is a n^inimum is 
called the throat. From the curve it will be seen that the pressure 
at the throat is about 115 lb. per s(p in. The ratio of the pressure 


at the throat to the initial pressure is 


115 

200 


- = 0-57, approximately. 


The conditions at the throat will now be conside'red more fully. 

Conditions at the Throat. At thc^ throat, where the area is a 
minimum, the mass of st('am passing ]xu‘ second j)er unit of an a is 
a maximum. 


Hence, 

For any given initial conditions the variabh' quantity in this 


must be a maxi- 
mum. 


and 


equation is Differentiating with respt'ct to 

equating to zero, we have 

2 /AV_i_n + l 

n\PiJ n \1\) 

This particular value of is the pressure at the throat. If we 
call this pressure Ptt we have , • 

• ’ P. I 


2 
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From this equation it follows that the throat pressure is dependent 
solely on the initial pressure and the value of n. 

If this value of substituted in the general equation for 

velocity, namely, 


ve for the value of the velocity at the throat 


The specific volume of the steam at the throat 

The mass of steam ]3assing per second per unit area at the throat 

= J<yinhJ^^k- 

From this equation it is obvious that, provided the final pressure 

is not greater than P, = y the mass of stt^am passing 

j)cr second through a convergent divergent nozzle is dependent 
solely on the initial conditions of the sU^am and the throat area, 
i^and is independent of the final pressure at the end of the nozzle. 
This pressure is call(‘d th(^ critical j)ressure. Thus, the addition of 
th^> divergent part of the nozzle after the throat does not affect the 
discharge of tlui nozzle, but it do(\s affect the final velocity of the 
steam. This final velocity will be determined from the equation 




where the yiressure at the eAd of the nozftle, t^he value of Pg 
lieing determined by^the final area of the nozzle, provided the back * 
pressure outside the end of the nozzle is not greater than this value 
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of Pg so determined. If the final back pressure is lower than the 
critical pressure the nozzle will be convergent divergent. If the 
back pressun^ is equal to or higher than the critical pressure, then 
the nozzle should be convergent only and the mass flow through 
such a nozzle will be dett'rmined by the final mouth area of the 
nozzl(\ 

The Value of n. The Zcmm^r equation for n in the adiabatic 
expansion of steam is n — 1 035 + 01.r, and gives a value of 1-135 
for n for originally dry saturated steam. If this value of n is 
substituted in th(^ equation 



we obtain for the critical pressure 1\ 0-577i^j. 

If the saints value of 7i is substituted in the equation 
^ 

AY V'' V" h;" ' 

we obtain M -- 3-604 ^4. / ; .4^ being in square feet, 

Pj in pounds per square foot, and M in pounds per second. 

If p is in pounds per squan- inch and A^ in square inches, this 

reduces to M -- 0-3003 A^ j 

^ 1 1 

Now, for dry saturated steam 

' ~ 490, Avhere p is in })ouiids per square inch. 
Substituting this value of Vi in the above equation, 

iM --- 0-0165 .4^ 

an equation eonnc'cting th(‘ discharge’! M in pounds per second and 
the throat area in square inches for a convergent divergent nozzle 
with steam initially dry end at a ])ressure p^ lb. per sq. in. 

As will be seen later, the A^alucvs of M determined from these 
equations arti not confirjncd by practical nu^asurement, showing 
that ordinary adiabatic exj)ansion does not take place. 

We must now consider tin* case whe^re superheated steam is 
expanded. 

The valuer of 7i for the adiabatic- expansion of superheated steam 
is given by Callendar as 1-3. If this value is substituted in the 

/ 2 \ 

equation Pf — f Pi ‘ 

we obtain for the critical pressure P^ = 0-5457 Pi. 
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If the same value of n is substituted in the equation, 


M 






we obtain M = 3 '786 A* 


A ^ being in square feet ; in 


Px 

H 

pounds per square foot ; M in pounds per second. 

^ The Effect of Friction in a Nozzle. If there were no friction during 
expansion through a nozzle, then, assuming the expansion were 
adiabatic, the expansion line would be AB and ah, Fig. 189. The 
heat energy transformed into kinetic energy would be represented 

by the area ABDE. This area is J' V dP = H ^ ; where 

and //y are the total heats at A and B respectively. 




In a practical ease, however, there is friction between the fluid 
and the sides of thc^ nozzle, as well as dissipation of energy due to 
eddies being formed in the fluid itself. At any point in the expan- 
sion, some of the energy which, in the absence of friction would be 
in the form of kinetic energy, has been dissipated in overcoming 
friction and reifppcars in the form of heat. At this point, therefore, 
there is less kinetic energy and more heat energy than would be 
tlfe case in frictionless flow. The specific volume of the fluid will 
be greater than in the case of frictionk^ss flow, and the actual 
expansion curve would be some curve AC on the PV chart, Fig. 189. 

^ Owing to the loss by nozzle friction the expansion is not reversible, 
and hence there will be a progressive increase in entropy ; the actual 
expansion on the H(l> chart follows some such curve as ac, the final 
state point c being on the constant pressure line through b. From 
the H(l) chart we see that, owing to friction, the actual heat drop 
is reduced from ab to ac', and hence the final kinetic energy generated 
will be less than in the case of frictionless adiabatic flow. The H<f> 
chart also ighows that the effect of friction is to r^-heat the fluid, the 
final state of the steauai being drier in the case of Wet steam, and 
at a higher temperature in the case of superheated steam, than 
would be the case in the absence of friction. 

32— (5434) * 
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Considering the PV diagram, Fig. 189, the amount of heat energy 
converted into kinetic energy with frictionleSs flow is represented 


by 


the area ABDE — 



V dP 


With frictionally resisted flow the heat energy converted into 
kinetic energy is not represented by the area ACDE. To illustrate 
this, consider the (;y(^le ABC on the PV diagram, Fig. 189. Startings 
at the stfite ])oint A, and allowing th(‘ steam to expand with fric- 
tional resistance along AC, there will be a certain amount of kinetic 
energy generati'd duo to the expansion. Let this ho K. In order 
to pass from th(^ state point C to the state point B, heat must bb 
extracted from tln^ fluid at constant pressure. This amount wiB 
be On compressing the steam back to its original con\ 

dition at A along BA, the energy recpiired will b(^ the same as the\ 
kinetic energy obtaim'd by expanding from A to B without friction, 
nam(‘ly, H Since the fluid has passtnl round a closi'd cycle 
and returned to its original condition. 


i.e. 

i.e. 


Ihiergy got out = energy put in ; 


•Pit 


t ^ 

Now, 7/^ - T/j^ is represented by the area A BDE ~ J V dP. 


TIk; kifK'lic energy ])roduced with friction, therefore', is less than 
that produced without friction by the amount This 

amount is rejiresentc'd on the II<f) chart by c'b. It also follows that 
K = II^~H, is the actual heat drop, represemU'd on the H(f) chart 
by ac'. 

Example 3. Fjnd iJir throat and exit diamelcrs of a eonvorj^ent divergent 
nozzlo wiiieh will discharge 120 lb. of .steam per hour from a pressure of 
120 1b. per sq.m, absolute into a chamber having a pressure of 301b. per 
sq. in. absoluti*. Assimie the steam is originally dry .saturated and that the 
flow is abiabatic {a) without friction, (6) witli tlie friction loss in the divergent t 
part of the nozzle e((ual to one-tentli of the total heat drop. What will be 
the final velocity of the steam in each case ? 


(a) Frictionless Adiabatic Flow. To find thcriihroat area wc may 
use the formula 

0 3003 

L on 1 ' ^ 

where M — — — = ^ lb. per sec., aiid V^ = 3-751 cub. ft. 

60 X 00 30 

per lb. (from Table I). ^ 
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" 30 X c aws V 1™ - C M'* »1- io 


30 X 

Diameter of throat — /— 


X 0 01 90 

“m “ 


- 0158 in. 


As the steam is originally dry saturated, tht^ throat area may 
also be calculated from the equation 

' 'll 

M = 0 0165 

- ^ ^11 ^ 0 01955 sq. in. 

()0 X 00 X 0-0 H)5 :!i ^ 

120^- 



Fkj. 11)0 


To find the exit area W(‘ may use the equations 

M r^i~' (T\x i M 


whence 


"•-3(104 

* 1 


;i-604 




f~ n lU/T^Sf /AV' ' ') 




3(M)4 


2 X 32-2 X 1135 
0 135 ■ 


K 30 \ . / 30 \‘-i '=*:• 


- = 1-34 

1 J.» ' 


Areq^of outlet Aj = 1-34 X 0-01 90 - 0 02jJ3 sq. in. 
whence diameter of cutlet == 0183 in. * 

From the H<f> chart the final state of the steam is given the 
point b, Fig. 190, showing a dryn(‘ss fraction of 0-92. * ^ 
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Heat drop for expansion ah — 60-1 C.H.U. (from chart). 
Velocity at exit 1]^= V 2gJ (heat drop) 

- V2^32-2 X l40()”x”^= 2328 ft. per sec. 


It should bo noted that the exit area could be calculated from 
this value of using the equation 
U^A^ ^M xV, 

where is the specific heat of dry saturated steam at 30 lb. per 


sq. in. 


M x‘F, 


. A 


120 ()-92 X 13'74 

GO X 60 ^ 2328 


X 144 = 0 026l8q.il 


(6) Fridionally Resisted Flow. As the friction is only in thi 
divergent part of the nozzle, the throat area is the same as in th( 
first case. To find the exit area we cannot use the formula con-\ 


taining n as we do not know its value, 
friction 


The actual heat droj) with 


-= 0-9 X 601 54 09 C H.U. 


the final velocity 

C/g = V2 X 32-2 X 1400 X 54-09 - 2208 ft. per sec. 

The dryness fraction at c^xit may be obtaim^d from the chart 

as follows : Find the ])oint C (Fig. 190) such that c'b — Draw 

a horizontal line through c' to cut the 30 lb. per sq. in. pressure line 
in C. This point will show the final state of the steam to be in 
this case 0-932. 


Exit area 


A/ X_F, 

■ Ih 


120 0-932 X 13-74 

(mTxIbo ^ MiT 


= 0-0278 sq. in., whence diameter of exit = 0-188 in. 

Supersaturated Expansion in Nozzles. As already pcjintt^d out, if 
thti value of n for dry saturated st(‘am is taken as 1-135 the value 
of the discharge (‘.alculated from the (equation 

Ip 

M - 3-604.4, ^ 

V il 

is less than the discharge actually m(‘asuri‘d by ex]):‘riment, although 
the calculat(‘d discharge from this theoretical equation, which 
assumes the absence of friction, should obviously be greater than 
the discharge obtained in practice where friction is present. This 
fact seems to show that the usual type 'of adiabatic expansion, 
where there is at any point during the (‘xpansion an equilibrium 
mixture of vapour •■and liquid, iloes not take place. It is now 
•generally assumed that supersaturated expansion takes place. This 
type of expansion has already been touched on in a previous 
paragraph (page 429), but we must now go farther into the 
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matter. We have already seen how this type of expansion can be 
shown on the T<f) chart, and we will now indicate it on the H<f) 
chart. 

Let AB and CDj Fig. 191, be two constant pressure lines at 
and Pa lb. per sq. in. respectively. It will be remembered that 
these lines are curved in the superheated region and straight in the 
wet region. The ordinary type of adiabatic expansion will be 
represented for a pressure drop from P^ to by the vertical line 
• EF. Supersaturated expansion will be represented by EG, where 
0 is the point on the continuation of the curved portion CC^ of the 
constant pressure line CD into what is normally the wiit region. 
In this case of supersaturated expansion we must imagine a state 
of affairs in which tlie saturation 
line, which norjually divides the 
superheated region from the wet 
region, has no existeiuic. Undc^r 
these circumstances, at the point 
after supersaturat(‘d expansion, ^ 
the fluid will be a liomogeneous 
gas, whereas, had the ordinary 
adiabatic expansion taken place, 
the states of the fluid given by th(‘ 
point F would have been that of 
a w(‘t mixture. It should be 
remembered that the temperature 
in ‘the state indicated by the point G will be lowi^r than the 
saturation temperature corresponding to tht‘, pressure Pg. 

Supersaturak^d expansion does not, howc^ver, proceed indefinitely. 
As we have already seen, the density of supersaturated steam at 
any point in the exj)ansion is greater than it would be at the same 
point had the expansion proceeded under ordinary adiabatic con- 
ditions. The Jimit of supersaturation is attained when the density 
of the supersaturated vapour is about eight tim(‘s that of the 
ordinary saturated vapour at the corresponding pressure. As soon 
as this limit is ri‘ached, the vapour will begin to condense and will 
eventually become an equilibrium mixture of vapour and liquid. 
The time taken for this condensation is a dc^batable point and is too 
comijlicated for discussion here, but for the present purpose we may 
assume that, when the supersaturation limit is r(‘ached, condensation 
to the proper equilibrium mixtures takes place instantaneously. 

The limit of supersaturated exi)ansion was first shown by the 
experiments of C. T. R. Wilson in 1897, and thi^ subsequent work 
of H. M. Martin has cmabled a curve, termed by him the Wilson 
line, to bo applied to the Hcf) chart. If expansion is carried below 
this line* it can be^ here assunft'd for pracfical .purposes that 
instantaneous condensation takes place vhen the Wilson line is 
reached. Such an expansion is sho\^m in Fig. 192. ^ 



Fig. 191 
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Suppose expansion takes place from a pressure to a pressure 
Pg. The first stage of the expansion is supersaturated, the 
point B being the intersection of the curved extension of that 
constant pressure line Pg which cuts the Wilson line vertically 
below A. At this point condensation takes place. If this is 
instantaneous it will take place at constant pressure, and as there 
is no heat intt^rcdiangc, the total heat will rtuuain constant, and the 
condensation is rt^presented by th(‘ horizontal line BC. When 
equilibrium is attained by condensation there will be a quantity ^ 
of heat available due to the condensation. This heat will caus^ 
the steam to be drier at C than at E, lh(^ point which would hav^ 

betm reached had ordinar^ 
adiabatic ex])ansion taken place\ 
down to the pressure P^. The\ 
remainder of the expansion is \ 
indicated by CD, this being \ 
ordinary adiabatic expansion. 
Tile actual state of affairs is more 
complicated than this, but with 
tht‘ ])n'scnt state of knowledge, 
for ])rac;tical purposes, the steam 
may be considtu’t^d to attain the 
(‘quilibrium condition as soon as 
th(‘ Wilson line is reachtul. 

As we hav(^ alreafly seen, 
during supersaturah'd expansion th(' sam(‘ i‘quations held as in the 
case of adiabatic expansion of suj)erh(‘att‘d sti^am, namtdy, 

]> ill 

P(F- b)^'^ — constant ; — constant ; T ( V-b) = constant. 

It will be remembered that the temperature of supersaturated steam 
at any x^fi^rticular jm'ssure during tlu* (‘Xi)ansion is loAver than the 
saturation temx3(‘rature corres])onding to this pressure. The degree 
of undercooling at a pn'ssure P, du(‘ to su])i‘rsaturation can thendore 
be obtained by first finding the timipi^raturc from the equation 

/> p ( 

1? h! 

7\ To =* 



and then subtracting this ttunperatun* from the saturation tem- 
perature corrcsponriing to th(‘ ])ressur(‘ P^. 

In order to calculate the* total heat of supersaturated steam we 
may use the Callendar e([uation (p. 414) 


0012:3) . . 

H ^ ^ 4f,4 calories 


p being iij pounds per square inch, and V in cubic feet. 
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The critical pressure and discharge of a nozzle with supersaturated 
steam will be the same as in the case of superheated steam, namely, 

= 0-5457 Pi, and M = 3-786 

The value of the discharge calculated from this equation will be 
4 or 5 per cent greater than the discharge acitiially obtained by 
experiment. 

Heat Drop in Supersaturated Expansion. The heat drop between 
two pressures Pi and P 2 can be calculated from the equation for 
total heat just given, the value of V for the lower pressure^- being 
calculated from the equation 

The value of 6 — 0-01602 cub. ft. can be neglected for elementary 
purposes. 

From previous work we know that the heat drop 



U,-H, 
where n = 1-3. 



71-1 r/ 


This gives another method of calculation. 

A third equation in tiirms of pressures can bo obtained as follows, 



, Example 4. Explain what is meant by the supersaturated expansion of 
steam and give some idea of the limits within which this condition is possible. 
Steam is expanded from a pressure of 60 lb. per sq. in. absolute and 170® C. 
to a pressure of 20 lb. j)or sq. in. absolute. If the expansion is supersaturated 
and occurs with a friction loss of 5 per cent, determine tlie actual and isontropic 
drops and degree of undercooling. 

For tlio sujiersaturated .state yon may use the ap})roMma1e Callendar 
equations — 

2-24:16 (//" 404) P . ^ ,,,,,, 

1 . — const ant ; an(^/ 1 

'TT • 


constant 


Take the specific heat as 0-52. Volume of 1 lb. of steam at 60 lb. per sq. m. 
and 170“ C. is 7-085 cub. ft. (f '.L., B.Sc. {E)ig.), 1921.) 
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Sapersaturated Flow. PV^-^ = K ^ 

specific volume after expansion V 2 = ^ 

^60\i * 

,20; 


X 7-685 = 17-89 cub, ft 


But 


V = 


2-436 (H - 464) 


total heat before expansion, 
ffi = 


2-2436 

total heat after expansion 


VP .... X i APA 

+ 464 = — h 464 = 669-5 C.H.l 


2-2436 




17-89 X 20 


+ 464 - 623-5 C.H.U. 


2 2-2436 

heat drop (without friction) = 669-5 ~ 623-5 — 46 C.H.U. 
actual heat drop = 0-95 x 46 = 43-7 C.H.U. 

The heat drop (without friction) can also be cal(;ulatcd from the 
equation 

H -H — ^ “ -^2^2 


X 144 - C.H.U. 


n-i \ J 

1-3 /OO X 7-685-20 X 17-89 \ ^ 

“ 0-3 1400 ) ^ 

Isentropic Flow. Total heat before expansion, ~ 669-5 C.H.U 
Dryness fraction after expansion 


417-1 

- (2-3 login—; 


417-89 , 510-22 , 443 \:m-91 

+ ^i7.a(i + ^’ 2 X 2-3 533.87 


-97 ' 417-89 


= 0-959 


Total heat after exp.'^nsion 

i/g - /»2 + ^^^2 = 108-95 -f 0-959 X 533-87 -- 621-14 C.H.U. 
isentropic heat drop (with friction) 

== 0-95 (//i-^ 2) = 0 05 (669-5- 621-1) -= 46 C.H.U. 

r 

Degree of Undercooling. — constant. 

' 


Temperature aftgr supersaturated expansion 

^ ^ ^ ^ 343-8 ‘c. (aim.) 
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But saturation temp, at 20 lb. per sq. in. (abs.) = 381'97° C (abs \ 
undercooling = 381-97 - 343-8 = 38-2° C. 


Example 5. A. nozzle is supplied with steam at 1001b nor so in 

Croa^^onWo'zzJ”" ofV stol^tt 

If the diverging portion of the nozzle is 2 in. long and the throat diameter 
J m., determine the angle of the cone so that the steam may Iopvo the nozzle 
at 161b. per sq. in. absolute. Assume a friction loss of 15 per cent of the 
Jieat drop used in this diverging part. H'.L., B.Sr. ( Emj . ) , 1 9 24. ) 


Saturation temperature for 100 lb. per sq. in. == 164-28° C. 
amount of superheat = 275 - 164-28 = 110-72° C. 

First find the state of the steam after ordinary adiabatic c‘xpansion 
to 15 lb. per sq. in. from the H(f) chart. A vertical line drawn from 
the intersection of the 275° G. temperature line with the 100 lb. per 
sq. in. pressure line (or of the 110-72 superheat line vith the 100 lb. 
per sq. in. pressure line) will cut the 15 lb. per sq. in. pressure line 
at a point where the dryness fraction is 0-982. An 7/0 chart on 
which the Wilson lino is drawn will show that this jioiiit is above 
this line. Hence the whole expansion may be taken as supc^r- 
saturated. 


The critical pressure, Pf ^ 0-5457 7\ = 0-5457 X 100 54-57. 

Hence, temperature at throat, 

( P — ^54-57\— 

TT )*■’ = 100 7 " ^ ^ 

temperature at throat, — 476-5 - 273 — 203-5° 0. 

The temperature of saturation at 54-57 lb, per sq. in. — 141-4° C. 
degree of superheat at throat = 203-5 - 141-4 — 62-1° 0. 

(This temperature can be read direct from the H(f) chart, from the 
point, of interseiJtion of the vertical expansion lira' ^\ ith the 54*57 lb. 
per sq. in. pressure line.) 

obtain the velocity at the throat, the heat drop from 100 lb. 
per sq. in. to 54-57 lb. per sq. in. is requin^d. 

Total heat of superheated steam at 100 lb. piT sq. in. and 275° C. 
•(i.c. 110-72° of superheat), 

= 720-42 C.H.U. (by intinqiolatioii from tables). 

Total heat of superheated steam at 54-57 lb. per sq. in. and 203-5° 
C. (62-1° of superheat), 

Ha = 686-92 C.H.U. 

Heat drop = 720-42 - 686-92 - 33-50 C.H.U. 

(This valuer can be read direct from^the H(f) chart.) 

Velocity at throat f= \/^’(heat’droi)) 

= ■\/2'3r32-2'xT400 ^33-5 = 1738 ft. por sec. 
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NowF = 


2-2436 (H - 464) 


0-0123 


specific volume at throat 
_ 2-2436 (686-92 - 464) 
~ 54-57 


■f 0-0123 = 9-18 cub. ft. 


Using suffixes t and e for throat and exit respectively (neg- 
lecting friction),. 

i » = P,V^-\ and F. == F, 

= X = 24-77 cub. ft\ 

/. Total heat at exit, (neglecting friction) 

_ J>,(F.- 0-0123) 

2-2436 ^ 

= ^!r:^^+4«4^«29-52 0.H.U. 

Heat drop between throat and exit (no friction) 

= 68G 92 - 629-52 -= 57-4 C.H.U. 
actual heat drop in diverging portion 

= 0-85 X 57-4 - 48-8 C.H.U. f 

But h(*at drop in converging portion = 33-5 C.H.U. 

total heat drop along nozzle = 33-5 -j 48-8 = 82-3 C.H.U. 
final velocity — V 2gJ heat drop 

=: V2 X 32-2 X 14()() X 82-3 == 2724 ft. per sec. 

NowMV=UA-, 

Diameter at exit IA^ I U ^ 


u. F- 


Diameter at exit _ j _ jV ^ U ^ 

Diameter at throat V ^ < V % 

r^. . 1 /24-77 1738" ^ . 

Diameter at exit = - J X = 0-328 in. 
4 /y 2/24 9-18 


Hence if 


<f> — angle of cone, tan <f> 


_ 0-328 - 0-25 

- '~~~~2~X~2 

= 0-0195, 


and <f) ~ 1° 6'. 


EXAlViPLKS XI , 

1. Steam flows through a c-orreotly dosigiied iioz«^le witii a pressure drop 
from 20Q lb. to 2 lb. per in. absolute. Assuming adiabatic frictionless flow, 
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find the dryness fraction and the velocity of the steam as it leaves the nozzle 
when the steam entering the nozzle is (a) dry saturated, (6) superheated 
60° C. above the saturation temperature. 

2. Find the velocity of the steam, in Question (1), assuming the flow is 
supersaturated throughout the expansion. 

3. Find tlie correct throat and exit diameters of a convergent-divergent 
nozzle which will discharge 120 lb. of steam per hour from a pressure of 
120 lb. per sq. in., superheated to 220° C., into a chamber having a pressure of 

^30 lb. per sq. in absolute. The friction loss m the divergent part of the 
nozzle may bo taken as one-tenth of the total heat drop. 

[Emj.), 1923.) 

4. A convergent divergent nozzle is to be designed to discharge 0-15 lb. of 

steam per sec. into a vessel in which the pressure is 20 lb ]ier sq. in. absolute, 
when the nozzle is supplied with steam at 100 lb. piT sq. in. absolute, super- 
heated to 200° C. Find the throat and exit diameters of the nozzle on the 
assumption that the friction loss in the diverging part is 10 ])cr cent of the 
total heat drop {V.Jj., B.Sc. (Eny.), 1925) 

5. A nozzle dischargers steam dry saturated at 100 lb. per sip in. absolute 

pressure into a reservoir whore the jiressuro is 1 lb. per sq. in. absolute. 
The diameter of the nozzle at the throat is I m. ]f the flow is frictionless 
adiabatic, what weight of steam will jiass through the nozzle per minute ? 
If 10 ])cr cent of the energy goes m friction, what weight of steam is delivered 
per minute ? B.Sr. (Kntj.).) 

0. Dry and saturated steam at 25 lb. jier sq. in. absolute pressure is allowed 
to discharge through a long convergent nozzle into the atmosphere (151b. 
jicrsq. in.). Assuming frictionless adiabatic flow, find the dryness of the 
steam at discharge and calculate the weight- of steam which shouhl Ixi dis- 
chavged ]ier second if the exit diameter of the nozzle is 0-5 in. If the weight 
of steam actually discharged be 94 pc^r cent of this calculated cpiantity, estimate 
the percentage of the heat drop which i.s wasted in friction. 

{U.L.Ji.Sc (Ejkj.), 1923.) 

7. A divergent nozzle for a steam turbine has to deliver 809 lb. of steam 
per hour under a sujiply condition of ItiO lb. ])er sq. in absolute, with 200° F. 
(111° C\) of superheat, and a stage pressure of 1-5 lb. ])cr sq. in. aVisolute. 
Assuming a coefficient of discharge of 0*97 and a frictional loss of 12 per cent, 
determine the tnroat and outlet areas. {I.Mech.E.^ 1926.) 

• 8. The throat and exit diameters of a nozzle are 0*300 and 0-375 inches 
resjiectively. If dry and saturated steam at 100 lb. per sq. in absolute is 
allowed to expand through the nozzle into a chamlw in which the pressure 
is 16 lb. jier sq. in. absolute, find the weight of steam passing per second. 

* If 10 per cent of the heat drop is wasted in friction, what is the probable 
pressure of the steam at its exit from the nozzle ? (f \L., B.Sc. (Eng.), 1922.) 
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STEAM TURBINES 


The Velocity Diagram. We have seen in the last chapter that when 
steam expands through a suitably shaped passage or nozzle, some 
of the heat tmergy in the steam may be converted into kinetic 
energy, the steam thus attaining a high velocity. If this stoaml is 
now allowed to j)ass tlu’ough blad(‘S situated in a wheel so arranged 
that it may n^volve fre(‘ly about its axis (Fig. 193), motion will pe 
imparted to the wIkh'I and mechanical work can be thus obtained! 



As the blades ar(‘ situat(‘d radially round tluj whc(‘l, the linear 
v(*lo(ity of th(* outsid(‘ edg(‘s will b(‘ gr(‘at(*r than that of the inside 
edges. Let th(‘ linc^ar v(‘locity of the blad(\s at the juean radius 
Fig. 193, be U We can now draw velocity triangles for th6 
steam on entering and heaving the. blading. 

In Fig. 194, let CD b(i a moving blade. 

At Entry. Let AB — U ~ Velocity of steam leaving nozzle and 

cnterJiig moving blade (feet per sec.) 

CB ^ f/j, = M(*,an velocity of moving blad(i (feet 
per see.) 

AC U V('locity of steam relative to moving* 
blade at entry (feet per sec.) 

. In order that the sti‘am should ’enter the iimving blade without 
shock, there must he no component velocity of the st(^am relative 
to the blade at right angles to the profile of the blade at entry. In 
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other words, the entry angle of the moving blade must be the same 
as the angle p made by the direction of the steam AC at entry 
relative to the direction of motion CB of the moving blade. 

At Exit. FD = U^ = Mean velocity of moving blade (ft. per sec.) 

DE — r = Velocity of steam relative to moving blade 
at exit (foot per sec.) 

FE = u = Actual velocity of steam at exit (feet 
per sec.) 


It is obvious that the direction of the relativt‘ velocity at exit 
DE will be at an anglci y 
to the direction of motion 
of the moving blade, the 
angle y being the exit 
angle of the blade. 

These two velocity tri- 
angles can be combined 
for convenience in one 
diagram (Fig. 195). 

From this diagram it 
will be seen that the 
change'- in velocity pro- 
duced in the steam by 
its passage through the- 
moving blade is ED. If 
this change in velocity is rt*solved parallel and at right angles 
to the direction of motion of the moving bladt', then CD is 
the component change in velocity produced in the steam parallel 
to the dir(‘-ction of motion of the moving blade. Let this velocity 

be U,. 

Work Done in Blading. 

According to Newton’s second 
law of motion, forces is measured 
by the rate of change of 
momentum. 

Hence, if W lb. of steam pass 
through the blading per second, 
the force- exerted in the direction 
of motion by the steam on the 




moving blades = — X bangc in velocity of the steam in the 
direction*of motion (in feet per second). 
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work done per second 

— Force X Distance moved per second 

W 

= — X JJ pX Uf, foot-lbs. per second. 

1 III V W 

horse-power of blading = — x 

It should bo noted that if Fig. 195 is drawn to scale, the values 
Uf. and f/j, can bo read from the diagram. 

Another expression for the Avork done can be found as follows — j 
From Fig. 195 wo have ' 

AD^ = DB^ f A 712 2DB x AB cos /? 

/. IP = TP + + 2RUt, cos p 

also AE^ — EB^ + AB^ - 2EB x AB cos y 
ip — p _ 2rU^ eo-; y. 

Subtracting these* two equations, 

2Ut,(R cos [i + r cos y) = - iP - + P. 

But from Fig. 195 we see that 

U, - HA + AK = HR + BK 

= u cos d + JJ cos a — r cos y R cos f} 

But 2U^,(R cos I r cos y) - - iP ~ R^ + P | 

ip^ iP^jpj^p, 

Work done p(‘r second 

9^ 2g 

This result can be obtaini'd direct from a consideration of kinetic 
energy. The kinetic energy of the steam on entry to the moving 
IP 

blades is — per lb. If r is greatcT than R, as in the reaction turbina, 

then this increase of velociiy must have taken place by an expansion 
of steam in the moving blades, similar to the expansion in the 
nozzle. Hence the increase in kinetic energy due to expansion Jn 

( P R^\ 

— j i)er lb. The total kinetic energy 
U^ + P- R^ 


supplied to the moving blades is therefore 




per lb. of 


steam. The final kinetic energy of the steam on leaving the moving 

ip 

blades is ^ per Ib^ Hence the ^ energy imparted to the moving 

.. 2sr 
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Hence, work done per second = 


2 ? 


W/U’^-w^ R^ + r^\ 

Horse-power = 550 ~) 

It should be noted that if r is less than i2, as in the case of an 


/y2 7^2\ 

impulse turbine, then ( ^ j negative and is the loss of energy 

c due to friction as the steam passes through the moving blades. 

The Impulse Turbine. In an impulse turbine expansion of the 
steam occurs practically only in the nozzles or fixed blades. The 
expansion converts heat 
energy into kinetic energy, 
as already explained, and 
the steam leaving the 
nozzles at a high velocity 
enters the moving blades, 
giving up some of its 
kinetic energy to them, and 
hence producing motion of 
the rotor. The state of 
affairs in a single stage 
simple impulse turbine is 
shown diagrammatic-ally in 
Fig. 19(), which should be 
compared with Fig. 193. 

It is obvious that several 
nozzles, all supplied with 
steam from the same 
source, may be situated 
round the moving blade 
ring. The curves in Fig. 

196 indicate the variations of pressure and velocity throughout 
the stage. 

The pressure will drop during the passage of the steam through 
the nozzles, and will then remain practically constant in the moving 
blades. The velocity will increase, due to the pressure drop in the 
nozzles, and will then decrease as kinetic energy is given to the 
moving blades. 

Efficiency of Impulse Turbine Blading. As the pressure remains 
constant through the moving blades, any difference between R 
and r (Fig. 195) will be due to friction during the passage of the 
-steam through the mo\ing blades. Hence the value of r will be 
less than that of i?. 



Let r = KR. Then work dono per second » 

#( C72 - M* - ii* 4- r*) WIV^- M*) R^ 
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Kinetic energy supplied per second = 


, the\i 


• Vffi ■ > ^ — Work done per second 

^ Kinetic energy supplied per second 

W(lP-u^-R^^r^) 

2g _U^-u^-IP + 

'~2g~ 

IJl lJ2y^ ^ i 

If wc assume that there are no losses in the moving blades, thel^ 
R ^ r and 

Effieienev - - 

Th(' effieienev can also be expr(\ssed in other terms, as follows : 
It has already been shown that 

Work done jmu* second - ^ X (\ x l\. (Fig. 195) 

. . 2 6V X f/, 

. . Effieienev -- — ,,.3 — . 

Lj^ 

Mai'inunn Efficiency of Impulse Turbine Blading {U an^a given). 

W 

Work done p(‘r sca ond = >. 1^. Y 

But Uf — BK -|- BH (Fig. 195) — R eos p f r cos y 

-- li cos ti -f KR cos y Ji cos d ( 1 + K 

' y cos p j 

and R cos (i AK - AR U cos a - ^ 


Work (lorn* iu‘r s(‘( nud ^ — X IV X u 

r/ 




Effieieney 




== 2 COS a ■ 


W* 

fX\ / 
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If we assume that the exit blade angle y is a constant proportion 

of the inlet blade angle d, then = Constant. 

^ cos p 


Efficiency = 2 cos 




where C is constant. 


Differentiating and equating to zero wc have, for maximum 
efficiency 


2Uj, 

cos a — or blade velocity U V 


cos a 


Substituting this value of U ^ in the general equation for (‘fficiency 
just obtained 

... /cos^a (os^aX /, , ..cosy 

Maximum efiiciencv - 2 ( ^ ^ ( 1 A ~ 

\ 2 ^ / \ P 


^ \ c 


cos y 
cos P 


^ r 



Fi(4. 197 {(t) 


^ Uc H 

Fig. 197 (6) 


Maxitninn Efficiency of Jmpulsc Turbine. Blading {U and a given, 
and assuming symiiK'ti ical blading with no losstvs). If there are no 
losses, R “ K --- 1, and, with symmetrical blading, y = P- 


llhhcicnOY - 2 

- 4 


( 

( 


U, 

u 

f'b 

u 


cos a - 


V- 


n 2 

h 

COS a - 


)( 

) 


1 1 A 


cos y\ 
cos p j 


M aximum efficiency 





- : COS^tt. 


^ These results can alsj,! be oblainetl by modifying lig. 195. The 
diagram so modiffc d is shovii in Eig. 197 (a). 

The tHanglc ]>BE becomes isosceles and the actual change of 
velocity DA (Fig 14)5) Ix^coim^s >rallel to the direction of inotioq 
of the blades. 

33 — ( 5434 ) 
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r cos y = R cos P 

V, = 2R cos /? = 2{AK - AB) = 2(17 cos a - U^) 

w w 

Work done per second = — U^U,, = — 2(U cos a - U„ 
= 2-{U,U cos«-r/,’-) 


Efficiency 


2^(U,Ucosa-U^^) 

wW 


Differentiating and equating to zero, 

coa a = 2^^ for maxiimim efficiei 


This will be the case when the diagram is as Fig. 197 (^), wheie 

. ono . u AK 2AB 2Lr, 

d ==: 90 ; tor here cos a = , r. - « 

Al) AD (i 


Hence maximum efficiency 


W 

— TJ 

(J ^ ^ ^ DE X AB 


(FiR. (b).) 


2 X AK X 


- — cos^a. 


The fact that for maximum efficiency the angle d must be 90° 

- u\ 

also follows from the expression for efficiency, namely, — 

For this to have a maximum value* for any given value of V, the 
value of u must be a minimum. Fig. 197 shows that this will be 
the case where d = 90°, that is, when the dir(*ction of the steam e>n 
leaving the moving blades is at right angU'S to the direction of 
motion of the blades, the steam th(‘n having Jio velocity in the 
direction of motion of the blades. 

Effect oi Blade Speed on Efficiency of Impulse Turbine Blading. 

It is instructive to «plot curves showing •'tlu*. variation of blades 

efficiency with the value of the ratic; J^or sim- 

< « >St(*am speed U 

plicity we will Assume symmetrical blades, i.e.'j^ — ft. If then, in 
the general equation, 
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Efficiency 




" u 


we substitute constant values for U and K, we can calculate the 

values of the olficiency for various values of the ratio This 

• has been done in Fig 19H, (urves A and B for a value of a — 20®. 
Curve A is the* effieiency curve for no losses, i.e. R = r, making 
if = 1. Curve B is the efficuene-y curve for a value oi K = 0-8. 


Efficiency. 

1 ^ K« 0'6 

~d~' 0 o 

O' 7 0-336 0-302 

0-2 0-592 0-533 

0-3 0-768 0 - 69 / 

0-4 0-864 0-778 

0-5 0-879 0 - 79 / 

0-6 0 - 8/5 0-734 

0-7 0 - 67 / 0-604 

0-8 0-447 0-402 

0-9 0-743 0-/29 

0 ■/ '2 '3 '4 -5 -6 '7 '8 '9 PO 

n 1 ■ 8/ade Speed. 

Steam Speed, 

Fju. 19K. KcFU’iENf V CiiuvJ':h 



We see that tlu' (‘llieieney is zero wluui 
0, i.e. when f/j, 0, 




u 

and when — cos 20'' 
U 


0-9397 


The inaxiniuni effieicmey is e([ual lo cos- 20" — 0-883 in the case 
where there are no lossi-s. When K — 0-8 the niaxiimini efficiency 
eos^ 20® 

is equal to - (1 | 9-8) = 0-795. In both eases the niaxiinum 


efficienc}^ is obtained whcni 
, f7,_eos20^'_ 

U 2 


0-4‘j98 


Example 1. A an jnipiijfl(#tiirbin(i eoiiHJsfs of ^-onvi-r^ing Jioz/Jes 

and one ring of niovi^ig biadefl. Tb(‘ nozzle angles are 22*^ and Ihe moving 
blades have both blade- tjp angles of 9.7°. If Ibe velocity- of (he steam al 
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the exit from the nozzle is 1,600 ft. per sec., find the blade speed so that the 
steam shall pass on to tlie blade without shock, and find the stage efficiency, 
neglecting frictional losses, if the blades run at this speed. 

if the relative velocity cf steam to blade ii reduced by 16 per cent in 
passing through the blade ring, find the actual efficiency and the end thrust 
on the shaft when tlie blade ring develops 60 H.P. 

(f7.L., B.Sc. (Eng.), 1924.) 

(1) L?t the mass of steam passing per second = TT = 1 lb. 
Then Fig. 199 shows the velocity diagram, assuming no losses. 
Draw the angle CAD = 22° and let the length AD represent 1,500 
ft. per sec. to some convenient scale. As there are no losses and the 
blade angles are equal, the dirt'ction of the actual change of velocity! 
of the steam will he parallel to the direction of motion of the blades! 
Therefon' draw DF parallel to AC and make the angles DEC and\ 
ABE each equal to 35°, and draw BE -- BD. Then DE represents' 
Uc, the change in velocity produced in the steam, and AB represents 



Yui. 199 


U the velocity of the blades. The values of the various vectors 
are shown on the diagram . 

Blade speed for no shock and no losses — (J ^ = 590 ft. per sec. 

_ . 2 U,L\ 2 X 1600 X 590 * 

Efticioncy 83-9 per cent 


or Elhcieney 


U^- 7/2 

f/2’ 


15002 - 600° 


15002 


84 per cent. 


(2) With 15 per cent loss in passing through moving blade 
r 0-85/2, i.e. K 0-85. 

Now, from Fig. 195, EC represents the change in velocity pro- 
duced in the steam in a dirc^ction parallel to the axis of rotation. 
This change in velocify will produce a corrt-sponding end thrust on* 
the shaft. 

^ From Fig. 195, EC ^ DK - EH = 3 ^ f/ sin a sin y 
— 1500 X sin 22" - 0-85 R sin 35 ° 
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.B7C= 561'9 - 04876ie (1) 

Also DK — U sin a = R sin ft 

sin /3 561-9 (2) 

Also Uc = r cos y -f R cos 

= 0-857i; cos 85° + R cos ^ 

= 0-6963/^ 1- R cos [i 
and U^ = U cos a- R cos (i 

= 1500 X cos 22° - R <‘os fi 
= 1390-8 - R cos /? 

But H.P. = 

550 g 

_ _ (0-6963R + iJ cos |8) (13!)0'8 - M cos /J) 

5^r32-2 ■ • 


From the equations (1), (2), and (3), we can ohtain solutions ; 
R = 968 ft. per sec. ; /3 = 35-5° ; — 604 ft. per sec. ; 11^= 1461 

ft. per sec. ; EO (Fig. 195) = 90 ft. per sec. 


„„ . 2U,Ut 

. . Efficiency = — ^ 


2 X 1461 X 604 
(1500)* "" 


End thrust = - — = 2-8 lb. 

oJi'Jt 


Velocity Compounding. We have scon in the last chapter that 
wtien stf^arn expands in a suitably shaped nozzle, a large velocity 
can be generated in the sU^am. Thus, if dry steam expands through 
a nofezle from 200 lb. per sq. in. (abs.) to 2 lb. per sq. in. (abs.), the 
final velocity of the steam is about 3,900 ft. per sec. We have just 
seen that, if this steam is passed through a single row of blades 
situated round the periphery of a wheel, the linear velocity of the 
blades muslf be somewh(^re about half that of the steam if the 
efficiency is to be a maximum. The speed of rotation of a rotor 
"carrying a single row of blades would therefore be very high, and 
reduction gearing would be required to bring the speed down for 
most practical purposes. One ni'^thod of reducing the speed of the 
tprbine rotor is to provide the wheel with two rows of blades, 
between which there is a row of fixed blades attached to the 
stationary turbine casing. This row of fixed blades simply changes 
the direction of the steam leaving the first row of moving blades 
back to a direction suitable for entering the second row of moving 
blades. Fig. 200 shows diagrammatically a^ section of a velocity 
* compounded whe^l. (jurves arc also given showing the variation 
of pressure and velocity of the steam as it passes through the 
blading. • * * , 

It will be noticed that the pressure drop takes place in tKe 
nozzles, there being no further pressure drop in either the fixed or 
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moving blades. The high velocity produced in the steam is reduced 
on passing through each row of moving blades. As there is no 


Nozzles 



pressure drop in the iiitenn(‘diate fixed row of blades, there is no 
change in the value of the veloeity but only in its direction. In 
practice, friction occurs and modifies matters to some extent. 

Efficiency of a Velocity Coni'poanded SUige. The* complett^ velocity 



diagram will consist of two diagrams, one for each set o^nioving 
blades. Let us. assume for sim]flicity that tie blading is sym- 
metrical and that there is no friction. Then Fig. 201 shows the 
velocity digram. 
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Let AF represent the velocity of the steam leaving the nozzles 
and entering the first row of moving blades. Then ABFO is the 
velocity diagram for the first row of moving blades, the actual 
velocity of th(^ steam on leaving this first row being represented 
hy AC The intermediate fixed blades must have an entry 

angle equal to the angle HAC if the steam is to enter without shock 
and an equal exit angle if the blade is symmetrical. Hence, if 
the angle KAE is made equal to the angle HAC and AE is made- 
equal to AC, then AE will represent the velocity of the steam 
leaving the intermediate fixed bladc^s, and this will be the velocity 
t/g of the steam entering tlu* s(‘cond row of moving blades. It is 
obvious that, with th(^ simple conditions assumed here, the point E 
will be on the line CF. The blade velocity U ^ being the same for 
both rows of moving bladc^s, the velocity diagram ABED for the 
second row of moving blades may now be drawn, making — R 2 
and angle HBD — angle KBE. The point D will then also be on 
the line CF. The change in velocity produced in the steam by its 
passage through the first row of moving blades is represented by 
CF, while that produced by the j)assage through the second row 
of moving blad(‘s U is represented by DE. 

In Fig. 201 we have f/g = (12 — ^2 ~ ^^ 2 ’ Yz = i® 2 - 

Then CE ~ cos 

DE -- 2/?2 cos ^2 cos ctg ~ U j,) = 2(u^ cos d^-U^) 

Cl) - CE - DE 2/q cos 6^ - 2(?q cos ~ U j,) = 2U ^ 
.Also CF = 27?i cos 2ri cos = 2(u^ cos + U 

EV CF - CE =- 2{ui eos + U - 2ii^ cos - 2U t, 

. DE - CF - {CD 1 EF) 


Total change of velocity U f ^ 

But Cci ^ 2/^1 (ios = 2(I7i cos - U j,) 

?/, — cos - f/ft) - 4 ( 1 ^ 

^ 4(f/i cos ai-2Ut,) 

• If \Y — mass of steam passing })er second (in pounds) 

W 

Work done per second 


IF 


W 

*l4(r/if/,cosai-2f/,2) (ft. lb.) 


p]fficiency 


L4(f/,r,eosa,-2f^2) 

^ Wu/ 
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This will be a maximum when cos Ci = 4 ~ 

Iji nn ^ b COS 0t| 

. . For maximum efficiency — - = — - - 


and 


Maximum Efficiency = cos^ a 


In a similar manner it can be shown that, with n rows of moving 
blades, maximum efficiency will be obtained when ^ . 


Ln 



Fig. 198, curve (7, shows the variation of efficiency with the value* 

oi the ratio for a value of ~ 20°. 

oteam speed 


It will be seen that the maximum efficiency equals cos^ 20° = 0-888 


when the value of 


Blade speed cos 20° 
Stc^am speed 


= 0-2849 and the efficiency 


, Blade speed cos 20° ^ 

IS zero when the value or v - = 0-4698. 

bteam speed 2 


Pressure Compounding. Another method of o*bviating the diffi- 
culty of the high velocity producejl by a large drop in pressure is 
that of pressures fjompounding. With this metli^d the whole pres- 
sure drop does not take place in one set of nozzles, but it is split up 
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into a number of stages each consisting of a set of nozzles or fixed 
blades with a ring of moving blades, the various rings of moving 
blades all being fixed to the same rotor shaft. In this way the 
pressure drop in any one set of nozzles or fixed blades may be small 
and hence the velocity produced in the steam may be kept to any 
desirable value. The general arrangement is shown diagrammatically 
in Fig. 202. 

The pressure drops take place only in the nozzles or fixed blades ; 
in fact a pressure compounded turbine is simply a number of simple 
turbines in series. A stage consists of one set of nozzles or fixed 
blades, together with a ring of moving blades. There are thus four 
stages shown in Fig. 202. By suitably adjusting the number of 
stages it can be anrranged that the rotor runs at any required speed 
for any given pressure drop in the steam through the whole turbine. 
In the fu’st one or two stages, where the pressure of the steam is 
high and its specific volume small, the nozzles or fixed blades do 
not always extcmd all round the periphery of the wheel. In sub- 
sequent stages, as the steam expands the nozzles cover the whole 
circumference of the wheel. In modern turbines working with 
steam at a high initial pressure, the first stage is sometimes velocity 
compounded. In this way a comparatively large pressure drop 
can take place in the first stage nozzles, thus reducing the pressure 
inside the main turbine casing. 

EiXample 2. Steam is supplied to an impulso steam turbine at a presaure 
of 1801b. per aq. in. absolute, and superheated to 250° C. The pressure in 
the wheel chamber is 80 lb per sq. in. absolute, and in the chamber there are 
two rings of moving blades si'paraled by fixed blades. Tho tips of tlie moving 
blades ^re inclined 30° to the plane of motion. Assuming a 10 per cent 
friction loss in the nozzle and also a reduction of 8 per cent in the velocity of 
the steam relative to the blade due to frictional resistances in passing through 
a blade ring, determine the speed of the blades so that the final velocity of 
discharge shall be axial. Also state wliat should be the inclination of the 
nozzles to the jilane of motion of the blades. 

{U.L., B.Sc. {Eng.), 1922.) 

* Since the pressure drop in the nozzles is from 1801b. per sq. in. 
to 80 lb. per sq. in., the velocity of the steam on leaving the nozzles 
is given by 

• = V 2gJ (Adiabatic heat drop from 180 to 80 lb. per sq. in.) 

-- V2 X 32-2 X UOCTx (703 - 667) "x' 0-9 
= 1709 ft, per see. 

• This is, therefore*, the value of the velocity of the steam on 
entf^ring the first ring of moving blades. 

The velocity diagram (Fig. 203^ can now be drawp, starting from^ 
the final velocity ^2 of the steam on leaving the second ring of 
moving blades. 
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Draw a triangle ABC, Fig. 203, with angle BAC = 90° and 

m 

angle ABC = 30°. Make angle EBD = 30° and make BD = 

Join AD. Then, as CR is 8 p(‘r cent loss than BD, the figure ABOD 
is the V(^looity diagram for th(^ second ring of moving blades, drawn 

AD 

to some scale y(‘t to be determined. Produce BC and let 

0*92 

FB 

cut BC produced in F. Produce BD to H, making BH = ’ 

Join AH. Then the figure ABHF will be the velocity diagram fc 
the first ring of moving blades. AB will represent the velocity c 
the moving blades. AF will n‘pr(‘sent the velocity of the steam or^ 
leaving the first ring of moving blades. This velocity will be 



changed in direction and R'dueed by 8 per cent in magnitude by 
the passage through th(‘ fixed blades. Hence the velocity on 
leaving the fixed blades will be given by AD, which, therefore, also 
represents the velocity of the steam //g on entering tjie second ring 
of moving blades. 

The velocity of the stc-am on leaving the nozzles and entering 
the first row of moving bladc^s is rt^presentt^d hy AH. This must be 
the value calculated at the beginning of the example, namely, 
1709ft. per sec. Tliis value, compared to the length of AH, fixes , 
the velocity scale of the diagram. 


Prom the diagram : Speed of blades — 392 ft. per sec. 

Nozzle angle — BAH ~ 23-5°. 


Also, (‘ffiei(mcy — 


2(r/M + 


2(2200 1 820)_x 3^ 
1709 ‘^.1709 




— 82-7 per cent. , 

^ ^ 

• The Reaction Turbine. In the reaction turbn^e the steam expands 
in both the fixed and the moving blades, the pressure dropping 


STEAM TURBINES 


513 


continuously right through the turbine. The velocity diagram for 
one reaction stage, that is, for one set of fixed and one set of moving 
blades, is similar to Fig. 1 95, with the modification that, as expansion 
takes place in the moving blades, r will be greater than 7f. 

W 

Th(i work done per second = — x TJ . X V,. . 

g 

or ^ . 


The energy siippli(‘d to the stage per second 


^ W 

-- w 


fiJ^- 

< 2|7 


Kinetic (‘iiergy g(*nerated, due to 
expansion in the moving blades 


EflTiciency — 


iJ^2 _ 



Tin* efhciency can obviously also be expressed as equal to 


, W 

9 

W(L 


X u, X (J, 

- #) 




2 X U, X U, 
(72 + r2 ^ ■ 


Efficiency of Reaction Blading with Fixed and Moving Blading 
Identical. We will assume there arc: no losses duo to friction. If 
the fixed and moving blades of a stage are identical, the velocity 
diagram reduces to Fig. 204. 

In this case ; y = a, d = p, U = r, n = R 

* The fixed blade, will receive steam from tfie preceding moving 
blade at a velocity u. The velocity of the steam after leaving the 
fixed blade is U. Hence — • * , 

Kinetic energy of supply to fixed blade = 
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Kinetic energy generated in fixed blad 
Kinetic energy generated in moving bladi 


W(U^-u^) 

2? 

W(,r^-R^) 

2y 

W(V^-u») 

2? 


. T . I I- 1 o , Wu^ If 

. . Total energy Hii])j)lied == “ '~2( “ 9^(2C'^~w*) 

But FB^ ^ EH^ -f EF'^ - 2EB x EF cos FEB (Big. 204) 
6'M U^^-2U0\(.-osa. But ,?( =. K 

Total energy su]j])lied = (21’-- u^) 

^ .1^(2/. - [tr- fV-2t/f^cos«]) 

-- I 2f/17,eo«u) 

W 

Work doiio per second ^ -- L\V f, 

But U, - AB CJi \ A1)-(^D (Fig. 204) 

— U cos a 1 r cos y - U ^ ~ 2U cos U ^ 

^■(2t-, os a-l\)V, 

Ftili( r iicy - ' 

i-2r7;„eoH«) 


9 




I - 


CP 


+ 2 


Vi 


COS a 


where X — 


2(2A cos a - P) 

I - P 2A COS a 
Blad(‘ spiked 

vSteam speed leaving fixed blading 


To obtain the maximum efficiency, this exi)rcssion must be differ- 
entiated and equated to zero. This givess, for maximum efficienc]^ 


V, 

V 


cos a 


whence maximum efficiency ^ 


2 eos^ a 
1 + cos^ a 


I 



STEAM TURBINES 


515 


A curve Z>, shown in Fig. 198, indicates the variation of efficiency 

XI X- Blade speed 

with the ratio ft; r . 

bteam speed 

It must be remembered that the heat drop in the case of the 
reaction turbine takes place in two parts. In the impulse turbine 
the whole heat drop occurs in the nozzles or fixed blading, the final 
velocity on leaving the fixed blades being that corresponding to 
this heat drop. In the reaction turbine, part of the heat drop 
, occurs in the fixed blading, thus increasing the velocity to U on 
leaving the fixed blades. There is then a further heat drop in the 
moving blades, thus increasing the relative velocity from R to r. 

In the simple case just discussed, as — — , the total 

heat drop acToss the stage is split up into two equal parts. In 
other words, in the case of the impulse turbine there are two 
distinct open^tions in a stage. In the fixed blades some of the heat 
energy of the steam is converted into kinetic energy. In the 
moving blades part of the kinetic energy of the steam is transferred 
to the rotor. In the n^action turbine these two operations cannot 
be separated. Expansion of the steam takes place in both fixed' 
and moving blade^s, and theri'fore there is a continuous conversion 
of heat energy into kinetic energy of the steam throughout the 
stage. 

Height of Blading, (a) Impulse Blading, Let Fig. 205 (o) bo 
the section of two consecutive blades. 


Let y = Volume of steam at point considered (cub. ft. per lb.) 

I ft =r Height of blade (in.) (Fig. 205 b) 
r — - Velocity of steam on leaving moving blade (ft. per sec.) 
y = Exit angle of moving blade 
t Thickness of edge of blade (in.) (Fig. 205 a) 

^ n — Number of blades covered by nozzle 
W Mass of 8t(‘am passing per second (lb.) 
j) — pitch (in.) (Fig. 205 a) 

D — Mean diameter of blade ring (in.) (Fig. 205 b) 

N Number of revolutions per minute^ of blade ring. 


If we consider the outlet end of the blades, we have the relation — 

Leaving velocity of steam relative to blade X Area available to 
^team at right angle's to* this velocity — Mass of steam passing per 
second X Volume per pound of steam. 

i.c. T 7<ft(psin2'"0 “ 

(ft) Reaction BlarUng. In a reaction turbine the admission of 



516 


APPLIED THERMODYNAMICS 


steam is all round the rotor. The blades, as usually constructed, 
are also sharp, so that t may be neglected. 


Hence, area available to steam per blade = hp sin y 
Total ar(‘a = nh}) sin y. But nj} — ttD 
Total area ' = ttDIi sin y 

r X ttDJi sill y WV X 144 


If tlie fixed and moving blades are similar, as in Fig. 204, then 

- I 


, , ... Blade velocity 

/' — (/, and IT - 




Steam velocity 


then 




12 X 60 A 


TT^IPNh sin y 
T20 X 144 A 


= WV 




Re-heating and the Condition Curve. Modc^rn impulse turbines 
for any but small [lowers are multi-stage machines. The pressure 
drop in the steam is divided up into a comparatively small number 
of stag(\s, as already describe d unde^r pressure* compounding. In 
some cases the^ first stage is yelocity compounded. The reaction 
turbine consists of a large numbi*r of stagiss, the pressure drop 
being continuous right through flu* blading t 

We must now consider how the condition of the st(‘am changes 
as it passes through the blading. Suppose* th(^ «upj)ly pressure to 
a turbine* be I\ and the discharge pressun* For clearness, 

let us consider, say, tive stag(‘s, th(* inter mc'diate pressures being 
'Pay Pby P(’ Pd- Th(‘sf. pH'ssun* lines an* indicated on the chartf 
Fig. 206, which, it will b(‘ rem(*mber(‘d, is drawn* for 1 lb. of steam. 

in tilt* ideal macline the work done on the turbine rotor would 
•bt* equal to th(? adialiatic heat drop aA. Wt^ have already seen, 
however, that, owing to friction losses, etc., the full adiabatic heat 
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drop is not converted into mechanical work on the rotor. Thus, 
after expansion ab in the first stage, the state of the steam on leaving 
that stage will not be represented by tht^ point 5, but by some 
point the actual heat drop, and hence the work done on the rotor 
being represented by ac and not by ab, which represents the adiabatic 
heat drop for the stage. The total heat on leaving the first stage, 
given by the point c, is gr(‘ater than would be me ease were the 
expansion ideal. The steam is thus said to have been re heated. 
Considering the c omplc^te expansion through the, five stages, the 
state of the steam may be considered to change as representcnl by 



the path, a, The sum of the separate adiabatic 

heat dro])s, namely, I'ah (called the cumulative heat drop) is, 
obviously, greab-r than the adiabatic-, heat drop aA. The ratio 
27 ab 

is termed the re -heat factor. Let this be represented by 

It iAill be noticed that , owing to this re-heating, there is an increase 
of entro])y and an additional amount of heat is lost to the turbine 
exhaust. 

Efficiency of a Compound Turbine. The stage (efficiency will 
be measured by the ratio of the work done on thc' rotor in that stage 
tD the stage adiabatic heat drop, i.e. = acjab* 

Tills efficiency ni^st not be confused with tlu‘, blading efficiency, 
which is ta im^asure of the conversjpn of kinetic energy of the steam 
into kinetic energy di the, blades. • 

The internal efficiency of the turbine is measured by the ratio 
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of the total work done on the rotor (measured from the diagram) 

to the total adiabatic heat drop, i.e. e, = — ^ 

aA aA 

If we assume that the stage efficiency is the same for all stages, 

, V Eab 

then — Eji. 

The internal efficiency accounts for all the internal losses due to 
friction, etc. It obviously does not take account of outside losses 
due to friction at the bearings, etc. These arc all accounted for 
by the “ efficiency ratio,” which is measured by the ratio of total | < 
work produced *at the driving end of the shaft per pound of steanij 
to the adiabatic lu'at drop across the turbine. The absolute \ 
thermal efficiency of the turbine is the ratio of Vhe actual output \ 
of the turbine to the lieat supplied to the turbine. ' 


Uh* 202 



Example 3. In a [(‘action stoaru turbiiio tixf^d and moving blado8 
Jiavc inclinations at the receiving and discharging tips of 35° and 20? respec- 
tively. If steam passes through the blades without shock, what would be 
the work developed in a ring of moving blades per pound of steam if the 
mean diameter of tlie blade ring circle is 5 ft. 0 in , and the speed of rotation 
TOOr.p.m. ? 

Assuming an efficiency of 85 per cent for the one pair of t^xed and moving 
blades, find the heat drop which takes place in the pair, and find the state of 
the steam when arriving at the fixed blades if the steam has a pressure 
20 lb. per sq. in. and dryness 0 92 when leaving the moving blades. 

[ILL., n.Sc. {Enrj.), 1922.) 


Blade speed at the mean periphery 


TT X 5-5 y 700 


— 202 ft. per sec. 


Fig. 207 shows the velocity diagram, when* AB n*pres(‘rits this 
blade speed. Make the angle EBC — Jkj'* and the* angle* EAG = 20°. 
The diagram can now be* completed. The values of the various 
velocities read off the diagram arc givc'ii in the figure. • 

Work done per pound of sb*am 


9 


= — 3|;-2~ = Wprox.) 
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The work done per pound of steam is also given by 
[7 * - u® ,r* - i?* „ /447* - 265®\ 




2 X 32-2 


4024 ft.-lb. 


The discrepancy between the two results is, of course, due to 
slight inaccuracy in the drawing of the velocity diagram. 

^ . Work done on rotor 

btage emciency = ■. — 

Adiabatic heat drop 

/. adiabatic heat drop (11^ - H^) — k ~ 3-36 C.H .U. 

^ ^ ^ 0-85 X 1400 

Total heat after expansion 

//g = ^2 + ^ 2^2 20 lb. per sq. in. (from tables) 

= 108-95 + 0-92 X 533-87 600 11 O.H.U. 

total heat be'f ore expansion i/j — 600- 11 4 3-36 = 603-47 C.H.U. 

The state }ioint of the steam before (-xpansion could now be, 
obtained from the //</> chart. The lieal dro]) is, however, so small 
that a large scale diagram would he rc^quired for accuracy. The 
state can be calc ul at eel as follows — 

Entropy during (‘xpaiision 

= 2-3 logif, r l- 20 lb. ])er sq. in. (from tables) 

^ i Ij- 1 I A 


2-3 log, 


381-97 


533-87 


381-97 


1-62 


Entropy during expan.sion - 1-62 ~ 2-3 Ingio 

^ l O' V 

Total he^at before expansion 

603-47 /q h aqL, -- (T^- 273-1) + 


From (2), -- 603-47 b 273-1 - ^ 876-57 - T, 

Substituting in (1), 102 ^ 2-3 'ogio ^ 

Solving this equation, ^ 384-6° 0. (abs.). 

Pressure this saturation temperature — 22 lb. per sq. in. approx. 
= hi + x^Li 

603-47 = 111-83 4“ ^1 532-09 at 22 lb. per sq. in. (from tables) 

a: = 0-924 

State of steam at entrance to lixed bladi's : Pressure = 22 lb. per 
sq. in. (abs.) ; dryness fraetion -- 0-924. 

Example 4, A nmei-ion Hioani tuAmie i.s Bupplit^d witli steam at 1601 b 
per sq. in. absolute auperlieated to 260 ® C., and exhausts at 1-5 lb, 

34 — .( 5434 ) 
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per sq. in. absolute. Assuming that the frictional loss in the blades is 25 
])er cent of the adiabatic heat dro£), and taking a re-heat factor of 1-06, fin<l 
the steam used per horse-power hour develoj)cd. 

If the turbine develops 15,000 H.P. at 350 r.p.m., calculate the blade 
height and drum diameter at the point in the turbine where the pressure is 
161b. per sq. in. absolute and tlie dryness factor 0-985. The discharge tip 
angle of the blades is 20°, and the blatle velocity is 0-7 of the relative velocity 
of the discharging ^stearn, and the blade height is one-twelfth of the drum 
diameter. ' {U .1 j ., B.Sc. {Kiuj.), WH.) 

Stage efficiency = 0-75 

internal efficiency of turbim^ — K(‘-hcat factor x Stage efficiency 

-- 1 05 X 0-75 -- 0-7875 

Adiabatic heat drop from 150 lb. ])er sq. in. and 250° C. to i-5 lb 
per sq. in. = 179 C.H.U. (from i/<^ chcart). 

Neglecting outside losses : Work done on rotor per |)6iind of steam 
= 0-7875 X 179 < 1400 = 197,:i50 ft.-lb. 


Weight of steam required i)er horse-pow(T hour 


33,000 x 60 . 


8U‘ani us(‘d per second 


H. P. X 10 
" 60 “ 60 ' 


15,0 00 X 10 
“6()~<'60 


= 41-67 ib. per sec. 


Specific volume of steam at 15 lb. p(‘r square inch * 

= V — xV^ where ]\ = Specific volume of dry steam at 
15 lb. per sq. in. 

= 0-985 X 26-27 25-88 cub ft. per lb. 

Blade height 

j _WV , 720 X 14t ■' / / where, D is mean diameter 
" sin y V <>* l^lade ring. 

IV V > 720 144 / /neglecting difference betweeft 

y 144 ^ A sin A \ actual drum diameter. 

^IWV /TH) / X 

y TT^ / N sin y 

iT-d'? V 25-88 X 720 '/ 0-7 . 

.3-14 A 3-14 x, 3.50 0-.342 ’ 

• • . ' 

Mean drum diami'ter = 7 ft. 9 in. • 
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EXAMPLES XII 

1. The nozzles of a turbine stage deliver 91b. of steam per second at an 

outlet angle of 18° and a speed ot 1,400 ft. per second. If the blading outlet 
angle is 22", and the blading velocity coefficient is 0-70, determine the blade 
power developed and the inlet blade angle. Take the peripheral speed of the 
wheel as 550 ft. per second. { I.Mech.E., 1924.) 

2. The steam supplied to a single row impulse wheel tiAbine expands in the 
nozzles over such a range that the adiabatic lieat drop is 38 B.Th.U. per lb. 
The nozzle efficiency is 93 per cent and the nozzle angle is 1 5". If the blading 
sjieed is 575 ft. per second, tlie outlet blade angle 18", and the velocity co- 
efficient for the blading 0-82, determine a suitable inlet angle for the blade and 
the speed and direction of tlie steam after discharge from the blading. 

{I.Mech.E., 1923.) 

3. At a stage o^an iiiniulsc tuiliine the wheel diameter is 39 in. and the 

r.p.m. 3,000. The ratio, blade spoed/steam .speed is 0*34, the nozzle elliciency 
O’ 93, disk and vane friction 3 ])cr cent of stage heat drop ; blade entrance and 
exit angles 29" and 25 respectively, and velocity coefficient for blading 0-7 8. 
Draw the velo*;ity diagram and calculate (a) the work done on blading per lb. 
of steam; (b) the stage efficionc’y. { I.Mvcfi.E., 1927.) 

4. Steam issues from a nozzle on to the blade ring of an impulse steam 

turbine with a velocity of 1,500 ft. per second. The receiving and discharging 
tips of the moving blades are inclined at 30' to tlie plane of motion and the 
nozzle is inclined at. 20" to that iilaiie. The moan diameter of the blade ring 
I'lj'cle is 3 ft. Tlje dischaige from the nozzle is 0*23 Jb. per second. Assuming 
a tri(;tion loss of 15 per cent m the velocity ol the st(‘am relative to the blade 
whilst passing through the blade ring, find: (1) the instantaneous torque on 
tlie shaft when the turbine is beginning to move ; (2) the speed of the turbmo 
.so that the steam shall discharge axially, and tho horse-power dev^eloped at 
this speed. (V.L., B. Sc. {Eng.), 1925.) 

5. In a Do haval turbmo in which the blades of the rotor have eipial inlet 

and outlet angles, steam is supplied dry and saturated at 15011). per sq. in. 
fabs.) ^nd t he exhaust ])ressurc is 2 lb. jici sq. in. (abs.). The nozzle makes an 
angle of 20 ' w ith the direction ol rotation of the blades and the pcrijiheral speed 
ol the blades is 1,1(10 ft. per second Assuming that the los.sea due to friction 
and supersaturation effects iii the nozzle amount to 15 per cent, and that the 
relative velocity ot the steam at exit from blades is 80 per cent of that at inlet, 
calculate the velocity ol discJmrge of the steam from tlie nozzles, the inlet 
angle of the bUnJes for the condition that there sliould be no .shock at entry, and 
tjie work done tier lb. of steam. {V.L., B. Sc. {Eng.), 1926.) 

0. In an impulse steam t urbine the .steam issues from the nozzle with a speed 
of 1,520 ft. per second. 'J'lie velocity is compounded by passing the steam 
through a ring of moving blades, then through a ring ot lixod blades, and 
finally through a second ring of moving blades. The tips of the moving 
b]|idos at entry and exit are inclined 30° to 1 he direction of motion of tlie blades, 
and the steam is to pass on and off the blades without shock. 

Assuming that the speed of the .steam relativ’c to a blade is reduced by 
friction by 10 per c-ont whilst pa.ssing over the blaile, find the speed of the 
moving blades so tfiat the final discharge sljall bo axial, and calculate the 
liorse-power dovelopeil in the turbine under these conditions per lb. of steam 
jmipplied per second. 

Wliat is the magnitude o*^ the* angle betw'een the nfizzle and the jilano of the 
moving blades ? ( V.L., B.Sc. {Eng.), 1920.) 

7. In a stage of an imjiulse tiirbin^ui winch the velocity is compounded m 
two rings of moving mades separated by lixod blades the ftioving blades ba\« 
tip angles of 30°, andThe blade speed and tlie nozzle and fixed blade angles are 
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designed on the assumption that the velocity of discharge from the nozzle is 
1,800 ft. per second, and the relative velocity of steam to blade is reduced by 
] 0 per cent in passing througli each of the three blade rings, and that the final 
discharge shall be axial. Determine the blade velocity and find the efficiency 
of the stage. 

What would be tlic approximate reduction in efficiency caused by reducing 
the blade speed by 10 per cent ? ( U.L., B.Sc. {Eng.), 1924.) 

8. The first stage of an impulse steam tm'bine is supplied with steam at 
200 lb. per sq. in. superheated to 250'" C. The velocity is compounded, there 
being two rings of moving blades separated by fixed blades. The pressure in 
the wheel chamber is 100 lb. ])or sq. in. Assuming an 8 per cent loss in tJie • 
nozzle, find the velocity of Die steam as it leaves the nozzle. 

Given that tlie angle of tlic tips of tiie moving blades is 30", that the blade 
velocity is one-lifth of that of tlic steam discharging from the nozzle, that the 
velocity of steam relative to a blade is reduced by 12 jier cent during its jiassage 
througli a blade ring, and that the nozzle and fixed blade Jtngles are designed 
so that tlic steam sliall pass through without shock, find the work developed 
per lb. of steam and the effic iency ot the .stage. ( U. L., B.Sc. ( Eng.), 1 923.) 

9. In a reaction steam turbine the lilude tips are inclined 35" find 20" to tho 
direi'tion of motion. The guide blades are of the same shape as the moving 
blacjes but reversed in direction. At a certain jilaco in the turbine tho drum 
diameter is 3 ft. 0 in. and tlie blades are 4 in. high, and at this jilaco the steam 
has a jirossure of 25 lb. jier set. in. and dryness 0-935. If the .speed of tlio 
tiirbiuo is 250 r.]i.m. and the steam pa.sses t.lirough the blades without shock, 
find the power develo})ed in the ring of moving blades. 

{U.L., B.Sc. (Eng.), 1923.) 

10. Explain carefully what is meant by “ re-heat factor'’ in turbine \^ork, 
and indicate how' tliis fai toi involves two efiieiency ratios. 

An impulse turbiiic' mslallation is to be arranged m three easinghw H.l*., 
I.P., and L.P., and to v ork between pressures of 210 11). ]»er sq. n*, with 
80 C. suporlieat and 1*1 lli. ])er sq. in. xlllowmg a re-heat factor of 1-075, and 
a lo.ss of available heat fin receiver ])q)es, etc.) of 5 (Md.U. per 11)., dotermiue 
the heat to be alloeated to eacli unit it the H.P. and l.P. are caeh to develoj) 
quarter jiower and the J.. P. halt power. Allow' for liydraulie oristagf! 
efficiencies of II. 0-79, I.P. 0-7fi, L.P. 0-72. ( JJ.L., B.Sc. (Eng.), 1921.) 

1 1 . lOxplani w'liat is meant ])\ the “ re heat factor ” in steam turbine design. 

An impulse steam turbine consists of eight stages and the efiieiency of each 

stage LS 70 per cent. The .steam .supjily is at 215 lb. per sq. m. and 250" 
and the pressure in succossive .stages arc in geometrical jifogression, the 
condenser jn-e.s.siirc being 1 5 lb. per stp m. Find tho re-heat factor for tl^e 
turbine and tlie steam consumption per horsc-powor-liour. • 

What IS tho thiTinal efficiency of the turbine V 

( U.L., B.Sc. (Eng.), 1925.) 

12. The low'-pressuie turbine ol a naval iiLStallution receives 30-7 lb. of 

steam per .second from the lugliqiressuie unil at 27 lb. per sq. in. and 0-915 diT. 
TJii.s steam ex|)ands to 12-5 lb. ]>er sq. in. m tlie first two stages of tiie L.P. 
turbine wif li an effieienc}' ratio of 0-09. Into this steam nt 12-5 lb. per sip 
in. pre.ssiire there also jiasses 8-2 lb. per second of exliaui^t steam from the 
auxiliaries at 0-94 dry. The total steam quantity then expands through tho 
sueeoodiiig stages to an i;xhaust pressure oi 1 3 1b. per sq. in. If the horse- 
power developed in the turbine is 6,120, determine (a) the efficiency ratio of 
these later stages; (h) the eoiidition of the stcain at e|i trance to the third 
stage ; (c) the condition ot tho .steam at exhaust from the last stage. Asflumo 
a leaving velocit v at exht^isi of 000 ft. per second. • 

, , • {U.L.,ei.Sc.(Eng.), im.) 




Diagbam for Water and SteJam 












APPENDIX I 

TABIjas OB THE PROPERTIES OB STEAM 

The values in Tables I aud II are taken from Steam Power (b} 
Professor W. K. Dalby, P.H.S.), by the kind permission of th( 
author and the publishers, Messrs. Edward Arnold & Go. 

The values in Tables 111 and IV" are taken from the Ahridgei 
Calle7idar Tables Centigrade Units by the kind permission of thi 
author and the publishers, Messrs. Edw.ird Arnold & Go. 
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TABLE I 

Pkoperties of Dry Saturated Steam 


1 

I Pressure 
lb. 

Ipcrsq. in. 

1 (Abs.) 

1 ^ 

Toin- 
perature 
r C. 

Volume 
cub. ft. 
per lb. 
Steaip 

^ sa 

Total 

Heat 

of 

Water 

C.H.U 

1 per lb. 

1 7i 

Latent 

Heat 

of 

Steam 
C.H.U. 
per lb. 

Total 

Heat 

of 

Dry 
Steam 
C.H.U. 
per lb. 

In- 
ternal 
EnerRy 
C.H.U. 
I)er lb. 
E 

Entropy per 

Water 1 I^creMe 
water UjnetoL 

Lb. 

Steam 




n 

1 




LIT 

^sa 

•0892 

00 

3276 

0-0 

594 27 

694-27 

564-21 

00 

2-1760 

2-1760 

0-1 

1-69 

2940 

1 59 

593-44 

595-03 

504-79 

0-0057 

2-1605 

2- 1062 

0-2 

11 69 

1524 4 

11 67 

588-14 

590 81 

568-45 

0 0417 

2 0651 

2-1068 

: 03 

17-99 

1037 7 

17 94 

684-83 

602-77 

570-74 

0-0635 

2-0092 

2-0727 

0-4 

22 66 

790-7 

22-60 

582-37 

604-97 

572 44 

0 071J4 

1-9688 

2-0482 

or> 

26-41 

040 50 

20 34 

580 39 

606-73 

573-80 

0 0922 

1-9377 

2-0299 

1 

38 74 

333 12 

38-63 

573-83 

612-46 

578 20 

0-1323 

1 8401 

1-9724 

2 

52 27 

173-54 

52 10 

566 51 

618-67 

582 98 

0-1747 

1-7412 

1-9159 

3 

60-83 

118 66 

60 70 

561-83 

622 53 

585-95 

0 2007 

r6826 

1-8833 

4 

67 23 

90 54 

07 10 

558-28 

625-38 

588 14 

0 2197 

1 6403 

1-8600 

5 

72-38 

73-44 

72-26 

555 38 

627 64 

589-88 

0 2346 

1-6076 

1-8422 

0 

76-72 

61-91 

76 61 

552-92 

629 53 

591-33 

0 2472 

1 5805 

1-8277 

7 

80 49 

53 59 

80 39 

550-76 

631 15 

.592 58 

0 2579 

1-5577 

1 8166 

8 

83-84 

47-30 

83-75 

548-82 

632-67 

593 67 

0 2673 

1-5376 

1-8049 

0 

86-84 

42-36 

86-76 

517 08 

633-84 

594-64 

0 2757 

1-5199 

1-7956 

10 

89-58 

38 39 

89-51 

545-50 

635 01 

595-55 

0 2833 

1-6041 

1-7874 

12 

94-44 

32 37 

94 40 

542-61 

637 01 

597-08 

0-2967 

1-47G4 

1-7731 

^ 14 

98-66 

28 02 

98 60 

540-12 

638-78 

598 46 

0 3081 

1-4530 

1-7611 

14-689 

100-00 

26-79 

100-00 

539 30 

639-30 

698-85 

0 31186 

1-44646 

■ •7573 

16 

102 41 

24-73 

102-43 

537-82 

640-25 

599 58 

0-3184 

1-4322 

'1-7506 

18 

106 79 

22-16 

105-84 

535-75 

641-59 

600-61 

0 3274 

1-4140 

1-7414 

20 

108-87 

20 08 

108-95 

533-87 

642-82 

601-56 

0 3356 

1-3977 

1-7333 

22 

111-71 

18 37 

111-83 

532 09 

643 92 

602-41 

0 3430 

1 3828 

J-7258 

24 

114-34 

16 93 

114 50 

530-43 

644-93 

603 J 8 

0 3499 

1 3090 

1-7189 

26 

116-80 

15 71 

116 98 

528 87 

645 85 

603-89 

0-3563 

1-3663 

1-7126 

26 

119-11 

14 66 

119 32 

527-42 

646.-74 

004 58 

0-3622 

1 3447 

1-7069 

30 

121 28 

13 74 

121-51 

626-01 

647 52 

605 18 

0 3679 

. 1 3337 

1-7016 

32 

123-35 

12 94 

123-03 

524 07 

648 30 

605 78 

0 3732 

4 3234 

1-6966 

34 

126-31 

12-22 

125-63 

623-40 

649-02 

606 34 

0 3782 

1-3137 

1-6919 

36 

127-17 

11-59 

127 52 

522-17 

649 69 

GOC-85 

0-3830 

1-3044 

ie67« 

36 

128-96 

11 02 

129-34 

521-00 

650-34 

607-35 

0-3874 

1-2957 

1-6831 

40 

130-67 

10-500 

131-08 

519 87 

650-96 

607-82 

0 3918 

1-2874 

1-6792 

60 

138 30 

8-520 

138 89 

514-71 

653-60 

609-87 

0 4109 

1-2511 

1-6620 

! 60 

144 79 

7-184 

145 54 

510-22 

655 76 

611 53 

0 4269 

1-2210 

1-6479 

70 

150-46 

6 218 

161 37 

606-23 

657-60 

612-96 

0 4407 

1-1952 

1-03G£ 

1 60 

165-52 

5-487 

150-01 

502-59 

659-20 

614-20 

0-4530 

1-1726 

1-0266 

! 90 

160-09 

4-913 

161 35 

499-24 

660-59 

; 615-27 

0-4620 -- 

1-1525 

1-6166 

; 100 

164-28 

4-451 

165-71 

496-12 

661-83 

616 24 

0-4739 

1 1343 

1-6082 

' no 

108-15 

4-070 

169 75 

493-18 

662-93 

617 09 

0-4831 

11170 

1-6007 

j 120 

171-75 

3 751 

173 52 

490-40 

663-92 

617 85 

0 4915 

1 1023 

1-5938 

1 130 

175-13 

3-479 

177 07 

« 

487-76 

064-83 : 

018 5;j 

0-49')4 

1-0882 

1-5870 

‘ 140 ! 

178-31 

3 245 

180-42 

485-27 

665-69 1 

619-23 

0-5^68 

1-0750 

1-6818 

fl50 

181-31 

3-041 

183 59 

482-90 

666-49 

619-85 

0 5138 

1 0627* 

1-6765 

160 

184 16 

2-802 

18C-61 

480-61 

609-22 j 

620 42 

0 ,^04 

10511 

1-6715 

170 - 

186-88 

2-703 

189 50 

478-40 

667-90 1 

620 95 

0-5266 

: 1-0400 

1-5666 

180 

189-48 

2-502 

192-27 

476-26 

668-53 

621-44 

0-6S26 

j 102y4 

1-6620 
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Pressure 


lb. 

Tern- 

per sq.in 

perature 

(Abs.) 

r C. 

P 

1 

1 

190 

] 

19197 

200 

194-35 

210 

196-66 ; 

220 

198-87 

230 

201-02 

240 

203-09 

260 

205-19 

260 

207 04 

270 

208-93 

280 

210 77 

300 

214-32 

360 

222 45 

400 

229 75 


TABLE I 

Properties of Dry Saturated Steam 

(contd.) 



Total 

Latent 

Total 

In- 
ternal 
Enerfry 
C.H 11 
per lb 

E 



Volume 
cub. ft 
per lb. 
Steam 

Heat 

of 

Water 
C.ll.U. 
per lb. 

7j 

Heat 

of 

Steam 
Oll.U. 
per lb 

H eat 
of 

Dry 
Steam 
C.H U 

piT 11). 

, Entropy per 

Water ' 

Due to L 




"sa 


Yw 

LIT 

2 435 

l»4'94 

474-19 

669 13 

621 91 

0 5383 

1 0194 

2-320 

19749 1 472-20 

669-69 

622 35 

0 5437 

1-0101 

J-216 

199-94 

470-26 

670-20 

622-75 

0 5490 

1-0012 

^-120 

202-32 

468-38 

670-70 

623-14 ,0 5540 

0-9925 

2-034 ; 204 64 

466-55 

671-19 

623-52 

0 5588 

0-0841 

1-954 1 206 88 

464-76 

071-64 

023-88 

0-5035 

0-9760 

1-880 I 209-07 

463 01 

, 672 08 

024-23 

0-5080 

0 9682 

1-811 , 211-17 

461-31 

' 072 48 

024 54 

0 5724 

' 0-9608 

1-748 

213 23 

459 65 

; 672 88 

624-80 

0-5707 

0 9530 

1 089 

215-25 

458 02 

! 673 27 

625-17 

0-5808 

0 9406 

1-583 

219-12 

454-85 

' 673 97 

625-72 

0 5887 

! 0-9332 

1-308 

228-08 

447-44 

675 52 

626 05 

0-0067 

0 9029 

1-206 

236-21 

440 63 

676-84 

028 02 

0-6228 

i 0 8763 


Lli, 


I steam 

I ^sa 


1-5677 

1'5538 

1-5502 

1'6465 

1-5429 

1 5395 
1-5362 
1-5332 
1-5303 
1-5274 

1-6219 

1-5090 

1-4991 



TABLE II 

Properties of Dry Saturated Steam 



l-i 

CO 

17602 

11650 

06220 

01248 

96688 

0 

05 

If 

(M 

05 

0 05eDOae<it'- 
ei CD ^ »-H CD (M 
CO 0 t- CO I-* 3) 
X ID ^ X ID CD 
X X X 1- I~ 

ID Dl ca X t- HI 
ac X CD X ID N 
Hioxxxr- 

0 X X CD 1— 1 X 

1 - X X X X X 

HI X d fH X X 

X Cl X ID Cl 

X ^ HI X CD HI 
t-- X HI Cl ^ X 

ID X X ID ID H 

m 

oi fri <M ^ 


^ pH r-H 

f-H fH ^ fH F— ( ^ 

^ pH ,-1 —1 i-H Fl 

h 

03 

0.1 _ Q.I 

«i 

<“ a).ti - 

5 3 3*4'' 

ca 

h-^ 

(M 10 •' 

0 "X) r- »o «o 
CO 0 — 1 oo 0 
c- 00 01 0 CO 
0 oa oa 00 

0 

Dl 

1' 

ID 

l~ 

ID ID ^ ID X -f 

0 X X X -fl'- 
x (ca 0 1 — 1 ID 1— 1 

X <M X 0 ^ 05 
X X »D ID «f CD 

X r-l ^ X HI .-H 
(M X c-a CM X X 

0 0 CD I' 0 | X 

HI X HI X ID 0 

CD DJ (M I-H 

X t" X X Cl 

0 HI X HI X X 

X 1 - X 1— 1 X/ 

X Cl X HI fM CD 

0 0 X X X X 

o 

Pi 

H 

(M (M -H ^ ^ 

“ 

^ ,_l ^ ^ ^ _ 

^ ^ i-H 1 — < pH i-H 

^ -H 0 0 0 0 


M 

je 

10 CD M -H 
00 rt* Oa CO 
10 0 CO CO 
CO i- 0 CO 
0 0 0 ^ 

31 

1 ' 

1 " 

-£) 

ID HI D1 Tf X CD 
^ l> X X X ID 
X t- X -H — X 
X (M X X ^ CD 
^ oa (N (M CD CD 

3 ^ CD CD X 

X F^ ^ X 1' HI 
HlOiOXCDl- 
X X ^ CD X X 

CD X HI HI -f HI 

OO^Hi'HiXl- 
1 ' X X 0 Cl 

0 X X X I-H ID 

F-^ M X I'' 0 HI 

ID X X X X X 



00600 

0 

66663 3 

066606 

666660 

Internal 

Energy 

Ib. -calories 
per lb. 
^sa 

10 QO t- Th 
(M QO ■»t' 0 CO 
^ ID 6 
<0 CO 1 " 1 - 

»0 Ift »o »o »o 

ba 

ac 

X t' 1 ' X X 

X 0 -rf X X X 
CD 6 ba ID X 

X X X X 05 0 
X «D X »D »D X 

■ 1 ' 

X X X CD X t'- 
1- ID DJ I- 3 Da 

H 6 IM lb t' 
03^^^^ 

X X X X X X 

0 X .-H X CD CD 

CD FH X -H X H 

X fh Cl H X X 

1— 1 Cl Cl CJ IM Cl 

X X X X X X 

Total 
Heat of 
bteam 
lb. -calories 
per lb. 

l~ ^ (N 0 
(M 0 t- 0 
'If 6 CO 00 6 
05 oa 0 0 ^ 

10 1.0 0 CO 0 

CD 

CO 

XI 

X 0 ID X 0 X 
— t X X « Dl 

Di 6 3 X X 6 
Dl <M X CD CD -f 
X X X X X X 

I- DJ X t- X H 

0 1 - F- H ID HI 

1' 3 "H 1 ’- 3 6 
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X X X X X X 

■HI X X X X X 
-< X X 3 3 l.D 

X X 3 CD X X 

X X I' r- i- 

X X X X X X 

CO 

^ GJ 

-a cj ui 

‘ a 
,0 

1- CO 00 05 ID 

oi 0 t'- ■»t' 
rh 6 eo 6 6 
05 00 00 t- 1 - 
»D ID ID ID ID 

ID 

1 ' 

CO 

i--, 

X ca X ID 3 1 " 

D1 1 - C D1 X 
bi X -- lb X CD 
X X X -H X CD 
ID X X ID ID LD 

ID Dl 1- X 05 ID 

X CD ID ID D( I'F 

X 3 CD X X 
“1 DJ 3 05 X 

ID ID ID X H H 

CD Cl — X X F-F 

X X H X X X 

CD X I'F X X 3 

X t- X X HI CD 

H H 'H' H H Hi 

P 

'rt ® 

c rt es’w fc--< 

> a)>. 0 0 

-s-'i- 

QO 05 

0 05 C5 05 GO 
6 6 05 05 05 
— Dl CO 

X 

X 

6 

-f 

X 0 3 X 
« X X X 0 0 
X X X X 3 3 
iDXl'-X3—' 

DI 0 D1 X X 

Dl HI X X D) X 

0 3 6 6 -H 

D1 CD H ID X 1- 

-H CD X 0 1- H 
ClXXHCDl- 
Cl Cl CD HI lb 1- 
X X 0 F-I Cl H 
fh M C| Cl Cl 

a 

h-] 

Pi 

M 

Ph 

!► ^ 
j;*” 

CO 1 ^ 0 . -f 

0 6 5 6 -0 

0 c 0 0 0 

Dl 

CD 

X X X X —1 -f 
'“■1 CD ’’t ID 1- X 
X X X X XX 

0 3 3 3 3 3 

X CD X X ID ID 
a; Cl H X X 

X 1- 1" 1- 1- 1' 

3 3 3 3 0 3 

l~ F-F X X H 0 

0 CD ID X ^ X 

X X X X X X 

0 3 0 0 0 0 



0 6 c c c 

6 

3 3 3 3 3 3 

3 3 6 6 0 O* 

666600 

N 







pq 







0 

s 

ea 

0 

05 QC -1 X- -f 

1' 

-ixi- 

X X X X I- CD 

— 1 X CD X CD Dl 

1 - X ■HI X Dl 0 

M X — 1 Dl X X 

X H H CD X « 
CICDI'-hCI — 

F- X 0 1 - H 0 

?! 

(-1 

rry 

£ 

lb CO 0> ID Ol 
1- 05 Ol >^1 — ' 
CO 05 ID CO 

C5 

cl X ID ^ iT! 

H 6 X X H CD 

FFF r>‘| n pll ,1, ,1, 
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.5 

xi pa. 

1 

01 00 3 CD 

; 05 X 3 -r 3 

1 XI ^ 1' 

0 CD 50 3 

X 

X 

X 

l~ 

CD X 1- 

i-DDI^XI- 

X-HXXXI- 

XIDXr-l-Xl' 

XCDIM3- 
0 ^ X ID 3 X 

X Cl H 1— 1 X 3 

X X -HI X X H 
• D 0 Cl t- CD 1- 

■ 1 , 

«H 

0 

3 =. 3 C - 

“ 

D 1 -f X 3 HI 3 

X X Cl X X lb 
'•I CD ID X X — 

ID Cl lb lb H X 
HXClI'CDl- 
-H f-f (M /M -D H 



ff 
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• 


c 

(-> 

5o 

ea n 

£ ?i i ^ 

,9 

3 3 3 3 3 3 
Xji' X X 3 —1 

i 

333003 

Cl CD -H ID X 1' 

0 « 0000 

X X 0 Cl H 

-- F.H Dl Cl Dl Cl 
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TABLE III 

Total Heat of Superheated Steam 


§ 

pH 


ao 'M cs eo 
I- eo oo 


lO O QO CO 

-r I- ;d c> 


^ O GO CD (M 
QO CM Cv| )— I OO 


I'- Tt* CO 
^ 05 


GO Cl I- f-H 
00 05 9j O O 
CO Xi XI I' I' 


I' 05 

o o 

1 ^ 1 " 


CO lO 
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TABLE IV 

Enteopv of Superheated Steam 


A ao ^ 

QO CO lo CD r* 

»0 CO M ^ 

t" r- b- t- 


r*< ^ CO CO O 

eo ^ O CO 
O OA ao t' CO 

CO CO CO CO 



eq oo oo 
<M 00 lO CO 
CO CO O GO CO 
QO oo oo 


r— I QO ^ CO 
Oa CO CO CO oo 
CO o 

L-. L" I> 


GO UO ^ GO lO 
CO ^ ,-H i-H CO 
O) GO CO UO 
CD CO CO CO CO 


iOOSOjXiI- 

^ 1, ^ CO 

IfS 0-1 cs >o 

QO GO 1' r~ I' 


O GO OO 
O) CO CO CO GO 

CO oi ^ o oi 


Oi-eooi- 

■T*< ^ ^ oj CO 
GO r- CD lO 
CD CO CO CO CD 


CO ^ CO Ol CO 
o ^ CO 

^ GO CO -t 
GO 00 l-^ I?- t'- 


GO »o O CD cq 
GO CD iO CO OC 
(M ^ O 05 GO 
t- I' t- CO CO 


oai-cqoi- 

CO I— I 1—4 (M CO 
CD uo CO 
CO CO CO CO CO 


ID 

05 CO CO O Cl 

eq o >0 CO 

GO GO I- I'- I- 


oi o -l< eq GO 
oocDioor- 

O 05 GO 
I'- !'• CO CO CO 


O GO Tt lO GO 
GO '4*1 cq 05 ^ 
C5 CO eo 
GO I- t'" I'- t"- 


co oi o O 

o 05 GO CO 

f'- CO cO O CO 


GO f CO O I" 

cq o o 1-H cq 

lO Tf« CO (M P^ 
CO CO CO CO CO 


OI OI 05 0» uo 
CO CO O GO o 

o GO lo cq — 4 

GO I' I-'- 1-- I'- 


p^ ^ CO o 

CO '•*1 CO 'Ijl CO 
o. GO I' CO lO 
CO -O CO CD CO 


GO I' <4*1 ^ GO 
p-HOSOSOi— 
-M pH P-4 O 
CD CO CO CO CO 


COcO-hOF^ -*<0005 1- '4*4 

-*4 Ol Ol CO '4*4 o GO I- 00 o 

aot'>cOiO-*4 CO-H00505 

CO CD CO CD CO CO CD CD O 


I-O-'HUtiO OOQOCO'MOS 1-CO(MOI^ 

-H05r--*4r- o^OO-H'^^ Gococot-oo 

CDIOOIOOO t-co»o-*4co ^oo5aor'- 

I'-l-l-t-cO -OCOCOCOCO COCOIOUOUO 


35 CO CO Ol GO lO CO pH o t-- lO O GO »0 

OCcC''*4«M-*4 00000050 COHt«-*4-*4CO 

co-*4p-05t- cD-*4eoc'icq oo50Di-co 

I— I- l:- CO CO co CO CO CD CD cO »0 kO »0 UO 


cococococo cococococo 
lo lO lb lo lb lb »b lb lb 

p- Cl CO --Ji lO 'X* r- oD 


CO CO CO CO CO 

lb lb* to lb lb 


no lO to lO »c 

CO GO CO GO CO 

cq cq CO co ^ 


« r 

>oooo ooooo ooo 

>1- 00050 cq4i*4coaoc^ lOOm 

PH pHp-^phi-hCT cqcoco 



485-31 ‘ 1-4943 | 1-5068 ; 15187 ^15302 ^ 1 5413 , 1 5519 1-5623 ' 1-5723 > 1-5820 I 1-5916 


^ APPENDIX II 

EXTRACTS I’liOM THE MOLLIEU UTEAM TABLES 

The values I'n Tables A, B, 0, D, and E are taken from The Mollier 
Steam Tables aid Diagrams (Third Edition) by the kind permission 
of the publishers, Sir Isaac Pitman & Sons, Ltd. Much more 
detailed figures and information will be found in the Complete 
Tables, published in med. 8vo, with two large charts, at 7s. 6d. net. 

The first set of Mollier steam tables was founded upon the charac- 
teristic equation of Professor H. L. Callendar (page 67). 

Owing to the tendency, in modern steam practice, to use higher 
pressures and high superheat, there is need for information on the 
properties of steam above 500 lb. per square inch. 

jtfter consideration of the available data. Dr. Mollier has devised 
a new characitcristic equation by the addition of one term to the 
origiAal equation and, by extrapolation, he has extended the range 
of these steam tables to the critical point. 

The equation for superheated steam applicable up to 2,000 lb. 
per square inch is 

pV * p p^ 

Y = 1'0731 - 0'3204 |y^]()Qji3/3 - 15‘044 

32-04 ^ , 15 044 X 10» 

taking coefheionts fcj (T’^lOO)*”'-'* ’ ~ (T/100)^^ 

T [pV 

where p - pressure in lb. per sq. in. (abs.) 

V ~~ volume of steam in cub. ft. per lb. 

, T •- f 0. -l-,273 ~ absolute temperature (Centigrade) 

The coefficients for the various equations, ^rom zero to 500° C., 
are givim in the Complete Tables. 

Dr. H. Moss haa amplified aijcl adapted th'6 tables to the British 
Centigrade system of units. 


631 



TABLE A 

Properties of Saturated Steam 
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TABLE B 
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TABLE D 

Total Heat oe SrPEEHEATEo Steam 
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fill ,1b , of Superlifiitpd Steam at Temp 
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750 0 

780-8 

804-7 

828*6 

731 8 

756-3 

780-5 

804-5 

828*4 

730 9 

755 6 

780-0 

804-1 

828*1 

730 0 

755 0 

779 5 

8(J|’7 

627*8 

729-1 

754-3 

779-0 

803-4 

827*5 

728 3 

1 753 7 

778-5 

803-0 

827*2 

727-4 

753-0 

778 0 

802-6 

826*9 

725- 1 

751 3 

776 7 

801 6 

826*1 

722 7 1 

749-6 

775-5 

800- C 

825-3 

720-3 

748 0 

774 2 

799 6 

824 5 

717 8 

746 .3 

772-9 

798-0 

823-7 

715 2 

i 744 5 

771-6 

797 0 

822-9 

712-5 

! 742 7 

770-3 

796-0 

822*1 

700 2 

i 738-9 

767*7 

794-6 

820*6 

092 2 

! 730 7 

762-1 

790-5 

817-3 

074 7 

j 721 6 

756 2 

780-2 

814 0 


1 648-5 

717-6 

761-6 

796*5 


i 

1 638-9 

720-3 

770 7 


'I'o fonveit to li)ot-p(Mim(^ per poninl, iiiullipli l)> 1400 
To ffjuvfrt to Brih"!! Tbennal ITuls pei jioiiml, niiiltiplN by 1*8. 
t (le(;n e>. of superheat. 
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TABLE E 

Entropy of Sup krh fated Steam 


Pres- 
Hiire 
lb./ 
sq. in. 
(ai>s ) 

■ P 

Satura- 

tion 

Temp. 

t/c. 


1 ^ 11 1 ropy of }Su])orheate(l Steam at 'ri‘.int»eraturo — 

1 


200'’ C. j 

250'* (;. 

SOO** 1 

350° C. 

400° (3. 

4.50“ C 

500° C 

15 

100-6 

• 

1-8160 

1-8712 

1 9191 

1-9624 

2-0019 

2-0384 

2 0722 

2-1037 

20 

108 9 

1-7839 

1-8386 

1 8868 

1 9302 

1-9699 

2-0064 

2 0402 

2 0718 

30 

121-3 

1-7 370 

1 7926 

L 8412 

1 8850 

1 9248 

1 9614 

1-9953 

2-0269 

40 

130-7 

1-7030 

1-7595 

1-8087 

1-8527 

1 8927 

1 9294 

1-9634 

1 9950 

50 

138-4 

1-6762 

1 7335 

1-7832 

1-8275 

1-8677 

1 9046 

1-9386 

1-9703 

00 

144-9 

1-6539 

1-7121 

1-7622 

1-8068 

1-8472 

1-8842 

1-9183 

1-9500 

70 

150-5 


1-6937 

1 74-14 

1-7892 

1 8298 

1-8668 

1-9011 

1-9329 

80 

1 55 6 


1-6775 

1-7287 

1-7739 

1-81 16 

1-8518 

1-8861 

1-9180 

90 

160-1 


1-6631 

1-7148 

1-7604 

1-8012 

1-8385 

1-8729 

1-9048 

100 

164 4 


1-6502 

1-7024 

1-7482 

1 7892 

1-8266 

1-8010 

1-8930 

120 

171-8 

- 

1 6270 

1 6805 

1-7269 

1-7683 

1-8060 

1 8405 

1-8727 

140 

178-3 


1-6068 

1-6617 

1 7087 

1 7505 

1-7884 

1-8231 

1-8554 

100 

184-2 


1-5HH6 

1 6451 

1-6928 

1-7350 

1 7731 

1-8079 

1-8403 

180 

189 5 


1 5720 

1-6302 

1-6786 

1 7212 

1-7595 

1-7945 

1-8270 

200 
» 250 

194 3 
205- 0 



1-6166 

1-5808 

1-66.58 

1-63H1 

1 7088 
1-6821 

1-7473 

1-7213 

1-7825 

1-7568 

1-8160 

1-7896 

300 

350 

214-1 

222-1 



1-5611 

1 5379 

1 6146 
1-5943 

1 6599 

1 6408 

1-7997 

1-6812 

1 7367 
1-7177 

1-7687 

1-7509 

4^0 

229 2 



1 5162 

1-5761 

1-6239 

1-6650 

1-7019 

1-7354 

460 

236-8 




1-4957 

1 .5.594 

1-6086 

1 6505 

1-6878 

1 7216 

500 

241 7 


1 

1-4761 

1-5440 

1 5947 

1-6375 

1-0751 

1-7092 

(100 

252-4 

i 

1 


1 5151 

1-5698 

1 6140 

1-6528 

1-6876 

BOO 

1000 

270-1 

284-» 



- 

1 4634 
1-4122 

1 5274 
1-4908 

1-5758 

1 5444 

1-6166 

1-5874 

1-6526 

1-6247 

• 1200 

297-3 


.. 


1 

1-4565 

1 5165 

1-5625 

1-6012 

1000 

318-2 

__ 



1 

1-3882 

1-4671 

1-5201 

1-5626 

2000 

335 4 


__ 


1 

1-3137 

1-4204 

1-4836 

1-5303 

2400 

350- 1 






1-3730 

1-4497 

1-5019 

2800 

362 9 


_ 

1 

j 

- 

1-3224 

1-4169 

1-4759 

3200 

1 1 

374-0 

— 

- 

1 . - 
1 

1 

L 1_ 

1 - - 
1 

1-2666 

1-3837 

1-4513 


EnU’oi'> *** miinerirally the .siiiiie in ull teinin'ratiiTe sjystPiiiJ^. 




ANSWERS TO EXAMPLES 


EXAMPLES II 

1. LH.P., 617. 

2. (a) I.H.P., 6-09 ; B.H.P., 5; (6) 1095 H.l>. ; (c) 0-82, or 82 per cent. 

3. I.H. P.,18-8; 78-2 per cent. 

4. (a) 5-25; (b) 80-77 per cent; (c) 31-66 per cent; (d) (1) 25-67 per 
cent ; (2) 6-09 per cent ; (3) 30-09 per cent. 

■ 5. I.H.P., 42-86 ; B.H.P., 30-39 ; mechanical loss, 12-47 H,P. ; mechanical 
efficiency, 70*9 ^r cent; oil per l.H.P. hour, 0-463 lb. ; per B.H.P. hour, 
0-6384 lb. 


Balanck Sheet. Beat F'low ter Hour 



B.Th.U. 
per hour 

Per 

Cent 

Beat aup)ilied m oil iuol 

349,200 

100 

Indicated work ....... 

B.Th.l^ Per cent 

1 , j. \ IJaef 111 work on brake 77,343 -- 22-15 i 

.31,7^6-- !)'09 ( 

1 109,079 

31-24 

Heat to jacket eoolinp water 

101,500 

29-07 

Hpat in exhaust *?asoa and radiation (hy difference) 

138,621 

39-69 

1’otal 

349,200 

1 100-00 

6. (a) 157-3, and 38-94 lb, jier sq. in. ; (b) 12,423 ft.-lb. ; (c) 69 lb. 

per sq. in. 


and 41-4 LB. P. ; (r/) 35 per cent. 

7. (a) 0-i831 or 28-31 per cent; (6) 87-1 per cent; (c) 7286 C.H.LT. or 
46-8 por cent. 

• 8. (a) l.H.P., 50-88; B.H.P., 30-4G ; (b) oil 0-288 lb. and 0-481 lb. ; 

* (c) 2158 B.Th.U. ; (d) 1365 B.Th.U. ; (e) by difference, 629 B.Th.U. 

9. (o) 36-4 per cent ; (6) 30-96 per cent ; (c) 86-03 per cent. 

10. (a) 2-62; (6)17-63; (c) 0-86 or 86 per cent. 

11. Diameter 9^ in. X stroke 14 in. 


EXAMPLES III 

1. 5 cub. ft. 

2. (a) 139-9 lb, per sq. m., 276-2° C. ; (6) 73-6 lb. per sq. in. 

3. 43-49 lb. per sq. in. ; 59,445 ft.-lb. ^ 

4. 417-8" E. (2W-2" C.) 

5. ^,826 ft.-lb. 

6. (a) 46,026 ft. db. ; (6) 43,062 ft.-lb., and 41SW1°F. 

7. (1) 841b. persq. in. ; (2) 3^846 ft.-lb. ; and (3) €6-32 C.H.U. 
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8. (a) 3641b. per sq. in. ; 369-24° C. ; (6) 89,300 ft.-lb. ; (c) rejected. 
16-94 C.H.U. or 28-69 B.Th.U. 

9. (a) - 88-8° F . ; (b) 161,866 ft.-lb. ; (c) heat received by air, 42 C.H.U., 
or 76-6 B.Th.U. 

10. 42,560 ft.-lb. and 16-2 C.H.U. 

11. 182«ift.-lb. ; 0 1 326 cub. -ft. 

12. 19,880 ft.-lb., and 14-2 C.H.U. 

13. (a) 414“ F., 46,548 ft.-lb. ; (6) 84-262 B.Th.U., 19,000 ft.-lb. ; (e) 60,000 
ft.-lb. (Hero, 46,648 ^1- 19,000 - 65,648 ft.-lb. - 84-262 X 778) 

14. 0-24626; (\ =- 0 1732; and y - 1-416. 


EXAMPI.es IV 

1. 0-037. 

2. 47-06 C.H.U., and ^ain 0-094. 

3. (a) 68,466 ft.-lb. ; 48-9 C.H.U. ; entropy loss 0-179 ; (fc) 71,480 ft -lb. ; 
26-63 C.H.U. ; entropy loss 0-074. 

4. 0-5, or 50 per cent. 

5. 28-54 lb. ]>er sq. in. 

6. (a) 0-6345, or 53-45 per cent ; (6) 0*4489, or 44*89 per cent. 


EXAMPLES V 

1. (a) - 110“ F. ; (b) 31,670 ft.-lb. ; 39-78 lb. per sq. in. ; (r) 3-405 cub. ft., 
13-62 cub. ft. 

2. H-44B.H.P. 

3. (a) 64,860 ft.-lb. (apyirox.) ; (b) 49,660 ; (r) 407-6“ F. 

4. 76-7B.H.P. 

5. (a) Air H.P., 64-6; B.H.P., 63*5. 

6. l)iamoter, 8-232 in. ; stroke, 30 in 

7. (rt) 71,850 ft.-lb. and 25*66 C.H.U. (b) 68,060 ft.-lb. and 32-4 C.H.U. 

8. Air J.H.P., 69-74; stroke, 12 in. diameter, low pressure cylinder, 
12-11 in., high pressure cylinder, 4-22 in. 

9. 93-91 lb. per sq. in. ; air T.H.P., 2 33. 


EXAMPLES VI • 

1. (r/) 22-9 1. H.P. ; (5) 38-2 I.H.P. 

2. 172-5 B.Th.U. per lb. of ire ; 413 I.H.P. 

3. (o) 16,727 ft.-lb. ; (b) 36-81 U.Th.U. ; (c) 1*712. 

4. (a) 32,060 C.H.U. ; (6) 49,164 C.H.U, per hour ; (c) 0*907*. 
6. (n)8-77; (6)8*29; (r) 8*28. 


EXAMPLES Vn 

1. 10*736 lb., and excess air 7*032 lb. 

2. Air, 0*967 cub. -ft. ; dry products, COj, 14*65 ; O^, 4*04 ; Nj, 81*31 per 
cent. 

3. Air, 1-2823 cub. ft. ; 7-25 per cent ; dry products ; rOj, 13*3 ; Oa, 6-6 ; 

, Nj, 81*2 per cent. -i 

4. 16*43 : 1. 


# 
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6. (o) 14-63 per cent. 8-82 per cent ; (6) 1264 C.H.U. ; (c) 444 C.H.U. 

7. Air. 17-9 lb. ; flue gas, 18-856 lb. per pound of coal. 

8. (o) 10,833 and 10,097 C.H.U. per lb. ; (6) 19,600 and 18,176 B.Th.U. 
per lb. ; (c) 170,626, and 159,030 B.Th.U. per gallon, 

9. 294 and 268-9 C.H.U. jjer cub. ft. at N.T.P. 

10. (a) 82-9, and (6) 30 per cent ; (c) 0-73 lb. ; (d) 24-9 per cent.* 

11. (a) 1-37 cub. ft. ; (6) 77 per cent ; (c) ()-8321b. ; (d) 29-65 per cent ; 
(f ) 22-84 per cent. 

12. 70 per cent ; CO, 34-6 ; N 2 , 65-4 per cent ; 119 B.Th.U. per cubic foot. 

13. (a) 0-726 lb. i (6) T.H.P., 1 17 ; (c) 87-26 per cent ; (d) 27-65 per cent ; 
(p) 24 per cent. 


EXAMPLES Vlll • 

1. Q'463, or 46-3 i)er cent ; 20-98 cub. ft. 

2. (ffi) 264-6 lb. ft. ; (6) ILH.P., 60-45 ; (c) indicated 30-6, and brake 24-46 
per cent ; (d) 0^98, or 60 per cent (ajiprox.). 

3. Mechanical efficiency, 69-81 per cent ; indicated thornial efficiency 
27-8 per cent ; efficiency ratio or relative efficiency, 0-583, or 58-3 per cent. 

Heat Balance for the Engine per Mintttp: 


C.H.U. 1 Per 


I 

per Min. 

I'er 

Cent 

Heat in gas supply 



746-7 

100 

Indicated work 

C.H.U. 

. 

Per cent 

207-7 

27-8 

T 1 j i Work on brake 

Inoludmp j Moohanioal los.s 

146 

62-7 

-- 19-4 1 

8-4 { 



Heat taken by cooling water 



352-3 

47-2 

Heat in exhaust and loss by radiation 

(by difference) . 

186 7 

26-0 

^ Total heat 



746-7 

1 100-0 


4. (g) 83 per cent ; {b) 33-2 per cent. 


• Heat Bai.ance 1011 the Engine per Minute 


1 

B.Th.U. 
per Min. 

Per 

Cent 

Heat supplied 111 fuel ...... 

3166-6 

100 

Indicated work ....... 

B.Th.U. Per t;ent j 
Til- 5 Work on brake . 869-6 -- 27-66/ 'j 

I Moehanical loss . 178'2 . 5 R4{ ' 

1047-7 

33-2 

Heat to jacket cooling water . ! 

784-5 

24-9 

Heat in exhaust gases ... 

; 1230-7 

39-0 

Radiation loss, etj. (by difference) . . • . 

1 92-7 

1 

2-9 

Total ..... 

• * 

j 3155-6 

100-0 
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5. (a) 27-76 ; (6) 24-36 ; (c) 87-75 per cent, tliermal 

efficiency, 27-24 per cent ; (ri) ideal air cycle 0-51, or 51 per cent ; efficiency 
ratio, 53-4 per cent. 

(c) Heat Balance Sheet for the Engine 





C.H.U. 

Per 




per Min. 

Cent 

Heat suiiplied by gas 



2401-7 

100 

Indicated work 

C.H.U. 

l*cr cent 

654-3 

27-24 

T ^ i Useful work on brake 

Including i i i i 

® ( Mechani(;al loss 

574-2 

- 23-91 1 


» 

80-1 

-- 3-33 \ 




654 3 

27-24 



Heat lost to cooling jacket water 



786-6 

32-75 

Heat loss in exhaust and radialion (by differeiic(') 

960-3 

40-01 

Total 



2401-7 

100-00 


6. (a) 12,423 ft. -lb. ; (h) 41-4 ; (c) 35 5 ; (d) 09-4 j)t*r cent. 

7. 98 lb. ])or Hq. 111 . 

Tlio oil (ni^inc which gives a mean jircssnre of 1141b. jkt sq. in. docs not 
receive all tiio beat at con.sl.ant ])rc88uro, but part at constant volume, as 
shown by the actual indicator diagram.^. Besides, after cornjiression, the 
air blast, with the fuel at much Ingher pressuio tliiui that in tla^ engine 
cylinder, incrt*ases the weight and i-ncrgy of tlie charge, which raises the 
pre.ssuro during expansion much above that of the air cycle wlierein the 
working charge is su])pos(‘(l to ivceive /n dt only at constant pressure. 

8. ()-6()7 or 60-7 per <!(*nt. 

9. J.H.P., 17-34 ; B, H.]*., 14-45 ; mochanical eflicioncy, 0-8334 ; thorAial 
efficiency, 21-90 }ior cent. 



B.Tb.y. 
per min . 

Per 

Cent 

Heat supplied to engine ...... 

1861-5 

100 

Heat converted into indicated work .... 

B.Th.U. Percent 
111 5 Useful work on brake 340-6 — 18-3 ) 

) Moehanioal loss . 68.1== 13.00 ( 

408-7 

21-96 

Heat to cooling water ...... 

972-6 

52-24 

Heat to exhaust and radiation (by difference) 

480-2 

25-80 

Total . , . . . 

1861-5 

100-00 


10. Diameter, 7-371 in. x stroke 11-056 in., or TJ X ll^V. 

11. Diameter, 9-73 in. ' j # 
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EXAMPLES IX 

1. (a) 618'4C.H.U., {h) 747-4 C.H.tJ., (c) 644-fi C.H.U., {d) 668-2 C.H U. 

2. ‘ 6,639 C.H.U., 670 C.H.U. 

3. 657-1 C.H.U., 611-4 C.H.U., 143“ C. 

4. 9-466 lb. 

5. (a) dryness 0-423, (b) 20- 1° C. superheat 

6. 293-6“ C., 7 in. and 10.^ in. 

7. 333-3“ C., 222-4“ C. 

8. 0-988, 0-936. 

9. 1-094, C.H.U. 

EXAMPLES X 

1. (a) 90,200 ft. lb., 12-8 per rent ; (6) 95,460 ft. lb., J2-2 per cent. 

2. 19-9 lb. 

3-. Rankine efficiency, per cent : 13-3, 13-45. 13-77, 14-31. 

Actual effici^cy, per cent -. 6-0, 6-49, 7-23, 8-3. 

4. Rankine efficiency, 25-5 per cent.. 

Boiler ,, SO ,, 

Mechanical ,, 85 ,, 

Efficiency ratio, 65 ,, 

, Overall efficiency, 11-27 

5. Dryness fraction, 0-89, 542 H.P. 

6. 13 per cent. 

7. 0-866. 

8. Diameter 16-75 in., stroke 30 in. 

9. 72-1. 

10. 0 0631b. 

11. Dryness fraction, 0-883 ; 1-84 C.H.U. 

12. Diameter of H P., 13*25 in., D.P . 26-76 in. ; stroke, 36 in. 

13. Diameter of H.P., 15-25 in., L.P., 26-25 in. 

14. Curve. 

EXAMPLES XL 

1. (a) Dryness 0-79 ; 3,915 ft. sec. ; (b) 0-828, 4,000 ft. sec. 

2. il,493 ft. see., 3,730 ft. sec. 

3. 0-159 in., 0-187 in. 

4. 0-366 in., 0-456 in. 

5. 14-88 lb., 1 3-56 lb. 

6. Dryness 0-972, 0-0734 lb. sec., 10-7 j>er cent. 

7. 0-378 in. ,^0-468 in. 

, 8. 0-0835 lb. sec. 
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Abel, Sir Frederick, explosions, 201 
Absolute pressure, 3, 12, 535 

tomijorature, 56, 57, 02, 103 

zero, 57, 02, 03 

Absorption, aiiunoma refrigerating 
machine, 189, 191 

dynamomoters, 29-30 

Account, heat. See Heat-balaiKio 
Acetylene, endothermic comjioiind, 221 
Acid. Soft Carbomc Acid 
Action of steam in gas producer, 247, 250, 
253 ^ 

Actual heat tlrop in steam engiiKi, 443- 
445, 405 

— - indicator diagram — 
air cornprosspr, 130, 133 
gas engine, 15, 202, 203, 205, 345, 340, 
354, 370, 381 

heavy-oil engine, 19, 275, 281, 285, 280, 
300 

jietrol engine, 22, 24, 353, 389, 399 
steam engine, 300, 450 
vapour compression refiigerator, 107, 
109 

refrigeration losses, 108, 170, 183 
Adiabatic expansion -- 
and compressioii, 74-77 
of a fluid, 44, 100, 109, 179, 424 
of perfect gas, 74, 70 
of saturated steam, 424 
of, superheated steam, 425 
of Hupersatiiratod steam, 428 

fnetionless flow through steam - 

Tiibzzle, 480, 488 

A^liabatic frictiouless flow of steam, 
heat -drop, 44, 443, 405 

- Ignition by compression, 280, 285, 

' 392 

law of ga^, onstant specific heats, 
75 

, ^ ariahle specifii heats, 

• 373-375 

— I'clatiuns p, v, and T of steam, 07, 
08, 407, 408, 427 
Advanced and retarded ignition 
effect in gas engine, 342, 343, 345 

— in petrol engine, 347, 357, 359, 

• 401 

Adv^nta^es of gaseous fuel, 240 
Aero-engine - 

heat-flow in jiistons, 304 
indicator diagiama at different alti- 
tudes, 24 

piston temperature, 355 -304 

cyclical fluctiiaf ion, 301 304 

After-burmng, 350 

Air, calciilaiiun from flue gas analysis, 
206-209 ^ 

•cold, for rofrigorSioii, 103 


Air, (;oiiipre.ssed - - 

and expanded iy gas engine, 343, 371 
discharge forrnulie, 153, 155, 150, 157 
measurement, 1 55-1 57 
motors, 133 

starting oil engines, 275, 270, 283, 285, 
280, 292 I 

Air compressors, 125-159 - 
cliaractoristic curves, 140 
clearance effects, 129, 130 
cooling of, 120, 144 
discharge measurement, 147 158 
efficiency, 120, 132, 145 
indicator diagrams, 130, 133 
losses in, 130, 145 
multi-stage, 127-129 
regulation of output, 131 
turbo -blowers, 143-147 
volumetric oflicioiicy, 129, 131, 132 
Air t;oiisumption in pelrol engine, meas- 
ured, 319, 396 

Air-coolcd aero eiigini'.s, 355, 357 
Air-cyeles, ideal standard, 260 274 
Air discharge formula', 153, 155, 150, 158 
Air piigino -- 

Ericsson, 110, 122 
Joule, 111 

— . reversed for refiigeraiion, 103 

Robinson, 110 

Htirling rogenorativo, 107, 121 
Air excess supplied to - 
boiler furnace, 197, 200, 208 
gas engine, 199, 341, 348, 370, 381, 383 
oil engine, 275, 280, 285, 292 
petrol engine, 319, 320, 353, 387, 389, 
398 

Air-llow [uilsations, 151, 311 
Aii-tlow through- - 
carburettor, 307, 309 
nozzle, 139, 150, 155, 150 
orifice, 149, 150 
pipes and bonds, 311 
turbo-compressoi , 141 
Air for combustion — 
of gaseous fuel, 197 -199 
of oil fuel, 198 

Air-fuel ratio for hydrocarbons, 231, 233, 
234 

Airless injection of oil fuel to engino, 283 
Air, hqutdiod, 18t», 188 
Air, moist, weight of, 155, 157 
Air-petrol mixtures, eombuatioii of, 201, 
320 

Air viscosity, 1 50 

Akroyd StuArt, automatic compression 
Ignition, 280 283 
Alcohol - 

physical p^perties of, 233-235, 317 
use in ongines, 387, 394, 396, 397 * 


545 
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Altitude, effect on air presauro, 23, 24 
Aluminium-alloy f)iatoiia in aero engines, 
355-364 

Amagat’a iaothermals, 62 
American cnulo oil i)rotlucts, 225 

kcrfl»rtenc, calorific value, 228, 229 

Ammonia- - 

nbHor]ition rcfrige rating machine, 189 
191 

compreasion ref rigoriflmg ina(;Jiinc, 1 09, 
177, 183, 184 

physical properties of, 191, 192 
recovery from Mond gas, 252, 254 
Ainslor’a jilanirnt'ter, 1 2 
Analysis ^ 

of flue gas, 200 
Orsat’s apparatus, 206, 317 
proximate and ultimatis of coal, 205 
Andrews, I'rofessoi Thomas, 63, 64, 66, 
216 

Andrews, l*rof. Tliomas, 63, 64-66, 216 
Answers to examples, 524 
Anthracite, 204, 205, 248, 251 
Anti -detonators, use in petrol, 391 
Application of 

pv to Tij) diagimii, 1 16, 466 
steam saturation ciir\c to pr diagram, 
400 
Area- - 

of iiidu'ator diagram, 12 
on diagram, 106, 109 
seetional, of steam nozzle, 182 
Ash in coal, 205, 206, 220, 223 
Atmospheric uir, chief constituents, 197 

lino on indicator diagram, 12 

Yiressurc, siandaid, 3 

Atomic and combining weights, 195 
Automatic ignition bv compression, 275, 
280, 282, 392 

Available heat eneigv, 1 13, 231 , 232, 235, 
396 

Avogadro’s law, 196, 3t»(i 


Hacki.asii 111 indicator linUagc, 15 
lloclv jH’essure, 50, 453, 457 
Baker, Prof. H. P., on combust loii, 202 
Balance, heat- — 

in gas engine, 49, 385 
in oil engine, 47, 302 
in petrol engine, 399, 400 
in st-earn engine, 4ti5 
Beau de Rochas - 

compression cyi h*-, 262 
coiiditinns for economy, 263 
Behaviour of alcohol mixturea in engines, 
387, 394, 395, 397 

Boll-Coloman refngeraling machine, 163, 
165 

B6nior suction gas ])lant, 254 
Benzol, compoBition and ])roperties, 232, 
391 

Bertfeolot, 217, 201, 221 * 

Bituminous coals, 204, 205, 256 
Blade, diffuser guide, in turbo-compree- 
Bor, 143 * 

l^iado, speed, effect in iVipulse turbine, 504 


Blading — 

efficiency of impulse turbine, 501 
height of, 516, 620 
in reaction turbine, 512, 513 
Blast furnace gas in engine cylinder, 263 
Board of Trade unit of electric energy, 6 
Boiler draught, 213-216 
— , beat lost in, 207, 210, 224 

, od fuel used in, 239, 240 

Boiling and freezing points of — 
ordinary gases, (Table) 194 
volatile hydrooarbons, 317 
Boiling range of burning oils, 228 -230 
Bono, Professor W. A.- - 

incomplete combustion of oil fuel, 320 
slow' combustion of methane, 203 
Bono and Wheeler, tests of ^ond gas 
producers, 262, 253 

Boiilviii’s method of c^'awing T(h diagram 
466-468 

Boundary curve — 

pressure- volume diagram, 66, 66, 460 
teinporatnre-entropy diagram, 169,416, 
466 


total hoot entropy diagram, 179, •182, 
419, 429, 430, 487, 491, 492 
Boyle’s law', 57 
Brake — 
friction, 29 

Fioude’s hydraulic, 32 
mean effoc*ti\'e pressure, 29, 301 
TTeenan and l^’roude, hydrauhe, 36 
Osborne Reynolds, 33 
thermal enicioncy, 256, 270, 286, 287, 
291, 301, 302 

Biakc liorse-Yiowcr, 26, 29 37 

hour, 5, 35, 40 

Bray ton engine, 272, 279 
Brine, calcium chloride, 194 
Bntisli Association (Jomraittce on gaseous 
explosions, 365, 372 
- horse-power, 4, 35 
thoi rna.1 unit, 35, 40 

Biiritc’s cx|ici’iinents on steam and car- 
bon, 247 • 

Burner -- 

Holden’s air injector oFt-, 239 
Primus coil, 238 

Buiiiing of small aluminium pistons, 36^ 


Burnt products — 
analysis of, 206 
from coal gas, 199, 348 
from gas engine, 369 
from jjotrol engine, 317 -320, 402 
from producer gas, 243, 244 v 

internal energy of, 372, 377 
Biirstall, A. F., exyioriinonts on gas 
engine, 272 _ 

Burstull, Professor F. W. — 
optical indicator, 21 
radiation loss, 385 
rohcarcli on gas engine, 271 

Calcium cliloride brine for refrigeration, 
194 ^ 


Calculation of id^al efficiency froiy in* 
ternal energy of gas, 37^381 
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Calibration of — 

pressure gauges, It, 23 
thermo -electric couple, 55, 329, 337 
thermometers, 55, 56 
Callendar, Proft'issor H. Ij. 

adiabatic expansion of dry stoam, 427 
characteristic equation of steam, 67,68, 
406-408, 414, 427 
chart for steam, 420 
correction of gas thernnimetors, 56 
definition of total lieat, 42, 41 1 
itieaii thermal unit, 40, 4 1 1 
on optical indicator, 17 
platinuin-rosistance thermomctci , 54 
}>roporties of COj, (Table) 192 
radiatiwi from burning gas, 332. 333 
specific volume of steam, 68, (>9, 408, 
414 m 

superaaturation of nteaiii, 70, 430, 492 
(Callendar- - 

and Barnes, lieat capacity of water, 40, 
411 

and Dalby, *^emperatiire in gas engine 
‘t-ylindcr, 326-328 
Steam Tables, 407, Appendix I 
and Nicolflon, thermal ('Oiiductivity of 
iron, 339 

Calorie, the gramme and ^lound, 40, 411 
Calories per gramme-molecule, and ft. -lb. 

per cubic foot, 36G, 367 
(Jalonfic value — 

available, 49, 113, 231, 235 
ealeulation of, 221-223 
coal gas, 241 -243 
determination of, 217-220, 238 
gaseous fuels, (Table) 197 
higher and lower, 220 
liquul liydrocarbon fuels, ('J’able) 233 
petrol, (Table) 234 
poVoleurn, (Table) 228 
solid fuels, (Table) 205 
CMorimeter, fuel — 

Andrews, 216 
Bortholot bomb, 217 
Favre and Silbeimann, 217 
CalorimoU>ir - ~ •• 

* gas and oil, .Junker, 235-238 
, Joly differential, 72 
.separating steam, 432 
throttling steam, 431 
Cambridge suction gas proilueer, 257 
Carbon — 

beating values of, 221 
j in fuel, from flue gas analysis, 206, 207 
reactions in air or oxygen, 245, 246 
with steam, 247-252 
solid, converted to combustible gas, 24 5 
value of dry fuel, 223 
CJarbonic acid 



critical tomperaturts 66, 1 94 
in exhaust gases, 31 8-3 2* ‘ 
isothermals, 05 | 

physical properties, 192 
refrigerating maeliino, J 67 


Carljonic oxide — ^ 

formed by carbon combustion, 201,203, 
208, 2U, 245, 24^ 


Carbonic oxide — (contd.) 
ignition range, 202 
in exhaust gases, 206, 207, 318-320 
in explosive mixtures, 198, 247, 251, 
253, 258 

Carbonization of i-oal, 241 
Carburation, 303, 307, 309 317 
t'arbu retted water-gas, 241, 248 
(Carburettor — • 

experiments by Hopkinsoii, 317 

by Watson, 309 

( Jarburettor, jet — 

(Claudel - llobson. 3 1 4 
Maybai'h, 304 i 

Zenith, 312 
Carburettor, surface 
Daimler, 303 
Lanehestor, .304 
Carnot’s eyele- 

axioin and conditions, 94, 98 
with ])orfeu>t gas, pv diagram, 95 

^ 7’^ diagram, 106 

reversed, fc^r refrigeration, 97, 160-162 
with a vapour, as steam, 99, 438 
With air, Ideal Standard, 266, 267 
(Cellulo.se, 222 
( lharaetenstie ea uation - 

Callendai’s, for steam, 67, 68, 408, 427 
perfect gas, 58, 71 
vapour. Van dor Waals, 66 
Charles’s law, 57 

Chart, temperature entropy for— 
ammonia and (COg, 169 
steam, 416, 523 
supersaturated .steam, 429 
(Chart, total heat-entropy - 
COg and ammonia, 179, 182 
for .steam, 419 

supersaturated steam, 491, 492 
(Chemical combination, 195, 200, 201, 202 
contraction in gaseous explosions, 
199, 328, 348 

expansion in hydrocarbon explo- 
.sions, 198, 232, 233 
(Cliimiiey draught and lieight, 210 213 
Choke -tube — 

use in carburation, 305, 312 
velocity through, 325 
(Ihorlton, liigh-spood oil engine, 294 
(Circuit, electric, 4, 39, 55, 327 
(Circulation of cooling water - 
counter-current, 127 
Iherrno-syxjhon, 306 

Clapeyron equation for vapour, 100, 408 
-.application, 100, 101 
(’luudel-Hobson carburettors, 314-316 
(Clausius’ tbeorcin of entropy, 113 
Clearance - 

and eonipre.ssion ratio, 12, 262, 270, 
277, 278 

and cu.sb'foning or eomprossion., 452, 
457, 460 

oflocts in air compresaora, 129, 130 

in p'ftrol engine, 326 

in compression ignition oil engine 

280, 284 
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ClRarance — (contd.) 

pffeoi in refrigenitinp; vapour romprea- 
sor, 183 

Clerk, Sir Dugald — 

early tyro-.Mtroke gaa engine, 264, 265 
effect of stilling turbulence, 354 
on gas engine radiation, 333 
specific heat at high temperatures, 369 
372 

.super-coinpros.sion m gas engine, 271 
( 'o-ttggregation volume, ( 'allendar’s in 
vapour, 67, 6H 
(Wl. 204, 205 

air for complete combustion, 200 

supplied III boiler, 207, 208 

anthracite, for producer gas, 248 
ash-free, 220 

calculation of burnt products, 200 
carbonization, 241 

distribution of heat in locomotive, 
224 

IJowson gas from, 248, 257 
Duloiig’s formula, calorific value, 222 
(ioutars formula, calorific value, 223 
gas analysis and calorific value, 241 
348 

Mond gas from, 252, 253 
proximate and ultimate analysis, 205 
spontaneous heating, 204 
Whitaker on Notts, coals, 223 
Coal gas-- 

air for comhustion, 198, 348 
and caiburetted water-gas, 218 
calorific value, 241-243 
Vield of, at, liigh and low temperatures, 
241 

roetticient of performance, refrigeration, 
160, 162, 177, 181 
Coefficients — 

air discharge through nozzles, 150 
orifices, 1 19 

f^oko 

Dowson gas from, 251, 256, 257 
in suction gns producer, 255, 25f» 
water-gas fiorn, 248 
Coker, Professor K. (1. — 

heat distrihutioii in ongiiio cylinder, 
331 

temperature in gas engine, 329, 332 
Cold air refrigerating machine, 163 
Combination of steam indicator diHgiains 
469 477 

Combining volumes ainl weights of gases, 
195, 198, 200 
CVimbustion— 

air required for, 197, 348, 39(i, 397 
change of volume, 199, 231, 233, 348 
conditions foi , 200, 203, 392 
constant pressure, 217, 237, 238 

volume, 216 

heat of, 216 

of carbon, 196, 245, 246 • 
of fuels, 195-260 
of hydrocarbons, 203, 221, 233 
of hydrogen, 196, 200, 2 (/t, 202, 353 
•rate of, under contrbl, 203 
weight of products, 200, 207 


Compound — 

combining and molecular weights, 195, 
196 

decomposed, lieat absorbed, 200, 221 
expansion of steam, 469, 470 
steam engines, 468-477 
turbine efficiency, 517 
Compounding — 

pressure in steam turbine, 610 
velocity of steam turbine, 607 
Compressed air - 

injection of oil fuel to engine, 275, 283, 
284 • 

measurement, 147-158 
motors, 133 

strarter for oil engines, 275,1^85, 286 
transmission of power, 133, 147 
Coinprossod natural gBs|convoyer in pipes, 
240 

t^^mproHsion 

dry and wet in refrigeration, 183 
lughcat, usoful in petrol engine, 392,393 
in gas engine, 270, 271, ‘’342 
m petrol engine, 386, 387, 398 ' 

ratio, 10 
super-, 271 

work done on gas by, 10, 11, 76, 79, 89, 
125 

Comprfjssors, 125-159. Sec Air 
Condensation — 

initial, in cylinder, liv expanding steam 
458 

m steam nozzle throat, 70, 491 
Condensing, clh'ct on efficiency of the 
Kaiikiiic cyr'le, 446 
(\niditions of - 

air-flow in turbo-coinpresBor, 144 
economy in gas engine, 263 
ideal performance in refrigeration, 181 
standard air-cycles, 266 • 

- - thermal efficiency in gas engines, 

270 

inflaminahihty of gases, 200- 203 
maximum discharge from iioczle, 140, 
155, 484 

jicrfect Jioat engine, 98* 

Conduction and convection of heat, 334-^ 
337 • 

Conductivity of aluminium and iron pis- 
tons, 355 

(Conservation of energy, 38, 40-42, 113 
(Jonstant pressure - 

ideal standard cycle, 272 
siiecific heat, increase witti iernperrti 
turc, 367, 368 

- - -- of burnt products, 351 
(Vinstani volume- - 

ideal air-cycle efficiency, 268, 270 

- - efficiency with hydrocarbon fiieh 

385-387 

hues on T(^ diagram for steam, 417, 523* 
.specific luHits ^ temperatures, 

351, 309 372, 377 ^ 

Consnrapiion of steam from theoretical 
diagram (Will»ns line), 453 « 

ntraction of volume in combustion of 
gases, 199, 32^ « 
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Continuity of atato, ProfoRsor Thomas 
Andrewa, 6-0 

Convergent-divergent nozzle, condition 
for maximum flow, 139, 165, 485 
Conversion of - 

heat into work, 45, 40, 9G 
vegetable into solid fuel, 203 
Cook-Mahler bomb calorimeter, 217 
Coolers, Inter-, in air compresaors, 127, 
145 

Cooling — 

action of cylinder walla, 304 
air compreaaors, 120, 127, 144, 145 
. by adiabatic expansion, 44, 75, 70 
by conduction to water-jacket, 201, 
331^334, 335-339 

})y evaporation in carbiiration, 234, 
305, 311, 32^ 

by evaporation in refrigeration, 107, 

' 109, 170 

by radiation, 332, 333, 385 
by throttling, 02, 08, 1 80 
regenorati^, 107, 180, 252, 296, 302 
^f^^to^ circulation by tberinn-svpboii, 
300 

Couple, thermo-electric, 55, 329, 332, 337, 
344, 355 

(!o-voKimc for w'ater, 08 
(-racking of heavy oils, 220, 227 
Criterion of viscous flow, 150 
Critical pressure in tbront of nozzle, 139, 
155, 485, 480 

temperature and jircssiire of vnponi* 

00, 194 

Crosby Valve and Kngineering Co.’s indi- 
cator, 13 
Crossloy Bros. - 

engfrio experiments liv Hopkinson, 48, 
337, 375 

Ojtto gas engine, 262 

Crude petroleum and jiroducts, 224, 225 
• — shale oil and jnodiK'ts, 220 
(’urrent, olei-tric, licuting effect , 39, fO 
Curve-^ 

adiabatic and isotbennal, 73 
int-ernal enorgy of gas engine mixture, 
372, 377 

^ of petrol engine mixture, 402 

law of, 0, 40 i 

tberinal efliciency, 271, 287, 291, 301, 
318, 383, 380 389, 401 
Curved tube rnanoineter, 151 
(>ut-off governing— - 
0 steam engine, 455 

two-eylinder engines, 473 477 
Cycle - 

Beau do Rochas, 202 
Carnot, 94-101, 103-100, 438 
constant pressure, ideal air, 272, 273 

temperature, ideal air, 260, 207 

^ volume, ideal air, 262, 208 

dual combustion, 288 
Ericswjn air engine, 110 
.Toul^air engine, 111, 112, 103 
Rankine steam ei^ine, 169, 44l~45J 
Stirling air engine, 108 
two-fltrc ^0 gas ezi|^ine, 204, 265, 289 


Cyclical changes of temperature in engine 
cylinder, 329-332, 338, 357, 375-381 
fluctuation of tomperatun^ in pis- 
tons, 332, 339, 301-304 
Cylinder— - 

temperature of mixture in gas engine, 
320-328, 330, 33 f, 333 

in petrol engine, 325, 402- 

403 

volumes, ratio of air compressor, 128, 
129 

— of steam luigine, 470 

llATMLIill s 

automobile, 303 
carburettor, 303 
early petrol engine, 303, 305 
engine, valve scitii^, 322 
Dalby, Professor W. E. — 

and Callendai’s steam tables, App. I 
apidication of (.3apeyron equation, 101 
heat tiansmission in steam boiler, 335 
optical indicator, 18, 19 
temperature gradients in engine cyl- 
inder, 330 

of mixture m gas engine, 320-328 

ii‘.st of Jhesel oil engine, 275 
Dalton’s law of partial pressures, 63 
Davy, Sir Ilumjilirv, on inflammability, 
*200 
Day - 

two-sti’oko valveless gas engine, 289 
- - - - - marine petrol engine, 289, 
290 

Den.sit3' - 

air, variation with altitude, 23, 197 
burnt products, 200, 207, 211 
clTeet on heat flow', 337, 340, 342 
ga.ses, 190, 242, 243, 300 
Detonation — 

and exidobion wave, 201, 202 
and pre-ignition in gas engine, 340, 347 
and juv-ignition in oil and petrol 
engines, 202, 390 392 
Deviation of gases fiorn Bovle’s law', 50, 
59, 02 

Dew' -point — 

effect on w'eiglit of air, 157 
relation to vapour pressure, 155, 150 
Dew'ar, Profe->Koi', 66 — 
oil-cracking process, 220 
Diagram — 

iicl iml indicator, steam engine, 300, 450 
Boiilvin’s temperature entropy, 406 
Ciillendar’s sbuiin, 420 
entropy -temperature .air and gas cycles. 
JO0,‘lO8, 1 12 

, compression refrigeration cycles, 

109, 170, 171 

, steam, 410, 523 

factor, stoam engine, 458 

gas engiJie, pressure -volume, 202 

, — , pre -ignition, 345, 346 

, pumping-strokes, 263 

indicato.’^ errors of, 1 5 
missing quaiitAy, saturation curve Ap- 
plied to steam, 4H0 
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Mollier obliquo co-ordinateR of total 
heat entropy, 178, 179 
theoretical indicator, for steam engine, 
452 

total heat-entropy, for ammonia, 182 

for caibonio acid, 179 

, for steam, 419 

valve setting, 321 
velocity of steam in t'lrbiiie, 498 
Diatomic gases, specific heats of, 367 
Diesel oil engine — 

ideal cycle ethciency, 274 
indicator diagram, 19 
test by Pf-ofcssor Dalby, 275, 276 
Diesel rational heat motor, 267, 268 
DifEerence of specific heats of gas, 70-73, 
366, 367 

l^ifforontial steam calorimeter, Professor 
Joly, 72 

Diffuser control in a turbo -compressor, 
146 

Dilution of gaseous mixtures in engine, 
271, 381, 382, 387-389 
Discharge of air — 

coefficients bv nozzle and orifice, 149, 
150 

maximum from nozzle, 140, 155 
measiiromoiit, 147-158 
Discharge of — 

petrol through orifice and nozzle, 308, 
309 

steam through nozzle, 482, 486 
Dissipation of energy, 113 
Ihstillates from ciudc oil, 225 
Distill nil on 
of coal, 241 
of oil shale, 225 
of petroleum. See Fractional 
Distinction between gas and vajiour, 63, 
65, 66 

Distribution of heat--- 
in gas engine, 49, 385 
in oil engine, 47, 302 
in petrol engine, 399, 400 
Distribution of pressure -drop in steam 
cylinders, 471 
Dixon, Professor H. B. — 

experiments on combustion, 201 
range of ignition temperatures of gases, 
202 

JJolius, niotor-ahip, trials, 296-302 
Dowson — 

gas making, 248 

analysis and calorific value, 257 

suction gas producer, 254 
Draugbt- 

chimney, natural, 210-214 
forced and induced, 215, 210 
Dryness — 

change in adiabatic expansion of steam 
424 

effect of throttling steam, 430 
fraction, 64, 415, 427 

I lines of constant on HS chart, 179, 180, 
419 c 

m on TJ) (iliart for steam, 

416, 623 


Dry saturated steam — 

boundary curve on pv diagram, 460 
calculation of volume, 68, 69, 408, 414 
critical point of, 67, 194, 416 
entropy of, 114, 415 
external work done during formation, 
409 

formation, at constant pressure, 408, 
409 

latent heat of, 408 

relation between pressure, temperature 
and volume, 67-69, 407, 408 
total boat of, 413 

Dual-cnmbustion cycle, 282, 288 ■ 

Dulong’s formula for calorific value of 
fuel, 222 ^ 

Dynamometer — 

absorption, rope or|^)elt, 29-32 
hydraulic. See Br^e 
Dyne, definition of, 2 

Economical mixture in gas engine, 203, 
271, 381-384 h 

- eftect of, jacket temperature, 54 
Effect - 

cooling, iJoule-Thornson, 62, 186 
of clearance on steam engine elfieioncy, 
457 

of coin])ression on tliermal officioiifVt 
270 272, 398 

of governing on steam indicator dia- 
gram, 454 

of mixture strength in gas engine, 381- 
384, 388 

of tluotMuig in petrol engine, 40tL 
of turbulence on rate of e\plosionf353, 
354 

Etlieiency — 

absolute and relative thermal, 45, 46 
an compressor, 126, 132, 145 
brake thermal, 47, 256, 276, 286, *301, 
302 • 

eompourKl turbine, 517 
eurve of indicated thermal, 27^ 301 
data for gas producers, 257 
effect of blade speed, ii. impulse tur- 
bine, 504 

effect witli weakest petrol mixture, 359 * 
gas producer, 253, 255 
lioat engine thermal, 45 
heavy-oil engine, 46, 47, 287, 301 
ideal gas engine, at constant specific 
heat, 270 

— -, at variable speeific* 

heat, 375-381, 383 
jm})iilse turbine blading, 501 
Mond gas plant, 25^ 
petrol engine thermal, 386, 387, 393, 
400 

Rankine cycle, 443-448 
ratio, 45, i78, 445 

of steam turbine, 518 

reaction turbine ulading, 613 
suction gas plant, 266, 256 ^ 

velocity-compou^ed turbine, 608 
EA-jctrio circuit, po'iK^'er supply, 4, 6 • 

current, hoatii .g effect, ^9, 40 
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Electrical indicator — 
aircraft, 21 

diagrams from aero engine, 24 
Electrical resistance thermometer, 54 
Electrolysis of acidulated water, 195 
Electrolytic mixture, ignition of, 19G, 200 
Electromotive force of thermo-couple, 329 
Endothermic compound, acetylene, 221, 
222 

Energy- - 

available, of fuel, 49, 231, 235 
availability of heat, 113 
^conservation of, 38, 40, 42 
'definition of, 6 
equation of perfect gas, 41, 77 
for steAdy flow of a fluid, 42, 43, 61, 
152, 153, 310. 480 

graphical roproflSntation of, 101, 106 
internal, 41, 59, 365 

, curve of gas engine mixture, 372, 

377 

of petrol engine mixture, 

R 402 

, law for ymrfect gas, 59, 71, 77, 365 

total, of a fluid, 42 
— volatile hydrocaibon fuels, 233 
units of, 5, 40 
Engine — 

indicator diagrams, 12-21 
See Air, Alcohol, Gas, Oil, I’otrol, and 
Steam 
Entropy — 

change of, 105, 113-120 

of during throttling steam, 434 

of a fluid, lU; 115, 414 
of steam and watcM’, 114, 414, 415 
temperature diagram, 105, 119, 112, 
169 

. steam, 416, 448, 523 

t(>..al heat (Mollier) diagrams 178 -185 
j (Mollier) diagram for steam, 

419 

E qu ation , eh a racterist le — 
of gas?, 58, 71 

vapour and^steam, Ciilleiidar’s, 67, 68, 
408, 427 ' 

, Van der Waals, 66 

Equation, energy, of gas, 41, 77 
Equivalence of different forms of energv, 
40, 41 

Equivalent, — 

of heat, mechanical, 34, 37 -40 
thermal, of 1 li,p. hour, 35, 40 
- water-, 218, 338 
Erg, definition of, 4 
Ericsson air engine, 110, 122 
Errors in indicator diagrams, 15 
Essential jiarts of snetion gas ]dant, 254, 
265 

Ethyl alcohol, fuel in engines, 233 235, 
' 317, 387, 391, 392, 39 i 397 

chloride ns refi^orant, 1 93 

EvaporiAion — 

eamvalont, in steam boiler, 224, 239 
l^nt heat of. lOt^ 220, 230, 231, 2U 

of, effect in alcohol engines, 

235 ' 

36— (5434 


Evaporation — (oontd . ) 

latent heat of. Tables, 192, 193, 233, 
234 

produces cold, 167, 189, 305 
Example of complete e.umbustftm of — 
coal, 200 i’ 

gas and air, 198, 348 

kerosene and air, 229, 230 
petrol and air, 230, 231 
producer gas, 258 

Excess air for complete combustion, 197, 
255, 283, 320, 387, 396 
Excess fuel effect m - 

exydosive gascons mixtures, 201 
gas ongmo mixture, 330, 341, 381, 
382 

petrol engine mixture, 319, 397 
Exhaust gas — 
analysis , 317-320 

licttt rejected in actual gas engine, 385 

— in oil engine, 47, 302 

in petrol ongino, 399, 400 

— m ideal air cycle, 269, 277 -9 

utilized in Still oil engine, 294, 302 
retards combustion, 202, 326, 391 
utilized in super-compression, 271 
Exhaust valve governing, 303 

relief cam at starting, 342 

Expansion, adiabatic, of- - 
dry steam, 424, 427 
fluid, 44 

gas, work done by, 76-78, 79 
superheated steam, 425 
supersaturated steam, 428, 490 
Expansion- 

lieat loss in gas engine, 379, 380, 384, 
385 

reception or rejection during, 84- 

87 

incomj)lctc, of steam, 451 
isothermal, work done ))y gas, 74,77, 83 
valve in refrigeration, 167, 168, 169 
work done by a fluid, 9, 10 
Explosion - 

air or oxygon iieodod, 197, 201, 348 
at constant volume, 262, 348 
engine, 261 

radiation in, 332, 333, 338 

Explosion, gas and air mixture — 

111 closed vessel, 333, 347 
specific heat frrim, 351 , 352 
lenipcraturo distribution, 350 
- — in engine cylinder, 326-331 

of jiiston and valves, 332, 339 

Rxyilosion, heat loss to piston and walls, 
364 

Explosion in petrol ongino - 
jiiston temperature, 355—361 

, eyclicalfluetuations, 361-64 

Explosion wave in gaseous mixtures, 201 
Explosive •'niseous mixtures — 
detonation, 390-392 
flame propagation, 201 
inflammability, 202 
rate of burning, 349, 350 ^ 

turbulence effect, 353, 354 
volume cliange of products, 1 99, 328 
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External work clone in steam formation, 
409, 410, 412. 413 
Extreme cold, production of, 180 
Ewmg, Sir .lames Alfred, refrigeration, 
177, J91 

Fahhenhiott units, 2, 35, 37, 40, 50, 57 
Favre and Silbormami, combustion calori- 
meter, 217 •' 

Feed-water beater, 298 
Film of gas on cylinder walls, effects, 334 
First law of thermodynamics, 38 
Fixed tc'mperatures, Table, 194 
Flash pom# of korosone and jiotrel, 228, 
394 

Flame pro}iagation, raio in a cloaed ves- 
sel, 201, 349, 350 
Flame temperature in — 
closed vessel, 333, 350 
engine cylinder, 320-328, 330, 331, 343 
Float -feed carburettors, 304, 312-310 
Flow, Hir- 

carhurotlor, 307, 309. See An -flow 
discharge nieasuremcnt, 147-158 
Flow, fluid — - 
conditions, 150 

Hoynolds’ ciitiOrioii for viscous, 157, 307 
stoacly, ecniatioii of, 42, 153, 310, 480 
Flow, - 

frictionless adiabatic, of stoani through 
nozzle, 480, 488 
frictionally resisted, 487, 490 
heat, in engine cyhiider, 201, 331, 335, 
338, 354 

, pistons, 339, 303, 304 

isentropie, of suiiersatu rated steam, 494 
petrol, otteet of temperature, 308, 309 
Fluctuations of temperature in -- 
aero-engine pistons, 350 303 
gas engine, .320, 332, 337 
Fine gas analysis - 

ealenlation of, 199, 200 

of air supply from, 2n0 209 

Fluid - 

characteristic equation of, 07, tIH 
eiitrojiy of, 105 
isothormals of, 04 05, 73 
total heat, 42 

, adiabatic change of (heat 

droy)), 44, 443, 449 
Fluidity of yjctrol, 308 
Force, units of, 2 
Forced draught, 215, 210 
Formaldehyile inexlianst of hydrocaihon 
engines, 203, 320 
Formation of - 

peat and coal, 203, 204 
steam at constant yiressure, 408 
Fiiperhoated steam at constant yirca- 
8ure, 412 

water by combustion of hydrogen, 195, 
196, 200, 201 • 

Four-.stroke compression cycle engine, 
• 262, 208 
Fraction, dryness 

steam, 64, 41 5 * 

measurcfl by calorimel-cr, 431, 432 


Fractional distillation of — 
crude oil, 225 
refined oil, 228-230 
Scotch shale oil, 226 

Free-air, meaning of, 120, 132, 133, 148, 
155 

Free oxyiansion of gas, 69 
Freezing point lowered by pressure, 100 
- yioints of gases, (Table) 194 
Friction brakes, 29-37 
Fnct.ion — 

coofticient of, 30 

- of discharge, 149 
effect in a nozzle, 160, 487 
-- — utilized m carburettors, 311 
equivalent torque, 28 r 

Frictional losse.s — 
in gas engine, 51 

measured by motoring the engine, 50, 
51, 401 

Frietionally-resisted steam flow in nozzle, 
487, 490 

Frictionless adiabatic stfam flo\^ in 
nozzle, 480, 488 
Froude’s bydrauhe brake, 32 
Fuel. 203 - 

<-alonfle value of gaseous, 107, 221 

- of liquid, 228, 233, 234 

of solid, 205 

calorimeter, bomb, 217 

, gas, 235 

carbon value of, 223 
equivalent evaporation of liquid, in 
boiler, 240 

gaseous, advantages of, 240 § 

liquid, injector in steam boiler, 239, 240 
volatile hydrocarbon, (Tables) 233, 234 
Fiindamoiital energy equation, 41, 71 

(.Iain of entropy by throttling stoamt 434 
Clallon, American and Eritish standards^l 
(las — 

adiabatic expansion of perfect, 74 -77 
and vapour, distinction, 54, 68*, 66 
Avogadro’s law, 196, 366 
Boyle’s law, 57 
calorimeter, 235 
carburotted water-, 247, 248 
change of temperature during expan 
sioii, 76-77 

characteristic equation, 58, 71 
Oharles’a law, 57 

(‘oal-, analysis and calorific value, 241 
348 

, combustion of, 198, 199, 348 

(.loiistiint, yf, 71 ; and mR, 366 
consumption, measurcTTient, 48, 337 
difference of specific heats, 71, 367 
Dowflon, pressure and suction, 257 
energy equation, 71, 77 
exhaust, analyHis, 317, 319, 320 
flue, analysis, 20| 
internal energy, 41, 102, 365 ^ 
isothermal expansion, 73 
^oiul, and yiroduitar trials, 262-26^ 
natural, analysis and calorific value, 
240 • 
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Gas — {contd.) 

producers, 245-259 
volumetric specific heats, .lfifV'372 
water-, from coke, 247, 248 
work done during change of state, 74, 
7(i 

Gas engine— 

Clerk, 264, 265 
Crossley, 48, 248, 262, 337 
Day, 289 

FTornsby-Stockport suction, 1-ests, 256 
“ National,” and auction gas producer, 
. tests, 255 

, burnt products, 369 

Prermer, research on, 27 1 
RobTOn, 264 
fias engine efflc^ncy — 

A. F. Bnrstau; 272 

effect of mixture strength, 378, 380 84 
Hopkinson’a expeiiments, 49, 381-385 
research by Professor Rurstall, 271 
Tizard ap,(l Pye, 272 
(Naseous Explosions Committee of British 
Association, reports, 365. 372 

in a closed vessel, 347, 368, 369 

( JaseoiiH fuel — 
advantages, 24(^ 

Ignition range, 202 

Gaseous mixtures, an* needed for com- 
bustion, 197-199, 348 
(jSases, specific heats at high temiieratures 
351, 365, 368 372, 377 
Gasoline. See Petrol 
Gas prodiK'or- - 

pressure, Dowsoii, 248 

, Mond, ammonia recovery, 252, 

‘ 254 

reactions in, 245 248 
suction, Hcnicr, 254 
* - , Cambridge, 257 

, Dowaon, 250 

, , essential parts of, 254 

G aiigg— ' 

curved tube manometer, 151 
water, manometer, 3, 4, 151, 152, 210, 
211 

Gibson, Professor A. H. - 
air-cooled aero-engine, 355 
burning of aluminium pistons, 361 
c*yclioal ebangps of piston temjierature, 
361-364 

distribution of piston tompornture,359, 
360 

effect of advancing ignition, 359 

— of Iwaring area of piston, 366 - 358 

of compression ratio, 358-359 

- - of material of the piston, 358 

- — of piston clearance, 356, 358 
of mixture, 359 

heat flow to piston and walla, 364 
piston temperature, r.55 
ten^erature in ^ator -cooled evliniler, 
ilBO 

tests of “ National ” suction gas pro- 
• diicer, 266 * § 

Goutal’s formula* calorific value of coal, 
223* 


Governing — 

air fomprosRor output, 131 

tiirbo-eomprosHor, 1 46 

compound steam engines, 473-477 
petrol engine by throttlinfi, 326, 401 
refrigeration by regulating valve, 167 
steam engine, 454-456 
Gradients of . temperature in engine 
cylinder, 335, 336 
Graphic representation of — 
beat, 106, 108, 112 
work, 6. 8, 11, 101, 102 
Gramme-caloric, 39, 40 - 
per gramme molecule, 3<f6 
Gnffitbs - 

on ” J,” and specific boat of water, 39 
total heat of steam, 413 
(hiide blades m turbo-compressor, 143, 
146 

tJiirnming of oils, 132, 227 

1 -Ia 1 jL, cracking process for heavy ml, 
227 

H aslam 

ridiigeiating machiiK*, 167 
refrigeration pro-cooler, 168 
Head of pressure in carbiirottor, 311, 325 

— of water iii manometer, 3, 4, 152, 

153, 156. 307-31 1 

Heat and work, equivalence, 38, 40 
Heat- balance in — 
gas engine, 49, 385 
oil engine, 47 
petrol engine, 399, 400 
steam engine, 465 
Heat— - 

British tlieinial unit, 35, 37, 40 
capacity of water, 39, 40 
eoridnction and convection, 334 
eoiiduetivity of metal, 335, 339, 355 
diroi't application to produce cold, 189 
-drop, by adiabatic expansion, 44, 443 
equal to heat converted into 
work, 44, 45, 445 

- - 111 steam nozzle lecluced by fric- 

tion, 487 

in steam turbine, 516, 517 

- m supersaturated steam expan- 

sion, 493 

effect of electric current, 39 
engine, definition of, 1,41 

— , ideal perfect, 98, 266, 375-380 

- — reversed for refrigeration, 1, 160, 

162 

- — , a wanning machine, 166 
(low in aoro-engino piston, 339, 340, 

364 

— - in gas engine cylinder, 261, 331, 

334, 335, 338-342 

in high-speed petrol engine, 363, 

^ 364 

latoii^ of evaporation, 100, 220, 230, 
231, 408, 409 (steam tables) 

^ ^ of hydrocarbons, 233, 23f 

- t - — , yi refrigerants, 102, 193 

loss in expansion, 384 • 

the same at double speed, 354 
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Heat — {contd.) 

Josa with rich and weak mixtures, 
341, 380 

maximum, converted into work, 98 
mechanical, equivalent of, 34, 37, 40 
of combustion ateoustant volume, 216 
of formation, of superheated Hteern, 

412 

radiation, 329, 332, 333, 385 
I'ate of reception or rejection from pv 
diagram, 84-88, 373 
epecitie, of gas, 70, 72, 192, 193 
supplied from steam jacket, 462-464 
total, entropy diagram for ammonia, 
182 

, — fur carbonic acid, 179 

— , for steam, 419 

, of a fluid, 42, 102, 103, 102 

, of steam and water, 409, 4 10 

transference by radiation, 329, 332, 333 
transmission through flat plate, 334, 

335 

— ciicular dish, 339, 363 

units, 35, 37, 40 

value of fuels. See ('ulorific 
Heavy -oil ongino, tt'sts of - - 
Akroyd, 282 
Diesel, 275 

marine, 303 

high -speed, 294 
Tetter, 291 

Rubtou and Hornsby, 286, 287 
Seoii-Stdl regenerative iiianne, 209 ^ 

* 302 

Heenan and Froude, hydraulic brake, 35 
Height of-' - 

blading impulse turbine, 515 
reaction turbine, 510, 520 
chimney for draught, 213 
Herschel, W. H., experiments on petrol 
flow, 308 

Higher calorific value, 220 
High compression oil engine — 

thermal etlicioricv, 276, 286, 287, 291, 
302, 303 

versus steam engine, on railway ser- 
vice, 294 

High-speed petrol engine — 

burning of aluminium pistons, 361 
piston temperature, 365-364 
thermal etticioncy, 385 -400 
Hodgson, J. L. — 

conditions of viscous flow, 157 
curved tube manometer, 151 
general discharge formula for air, 154 
metering compressed air, 147 
Holden - 

coal or oil -tired locomotive, 239 -240 
oil-injector to fire-box, 239 
H opkinson, Trofesaor 13.- - 

exhaust gas from petrol engi^, 31 7 
gas engine efficiency with rich and 
^ weak mixtures, 341, 381, 384 
— - ' explosion in a closed v^sel, 333, 
347 • 

heat flow and temperature of engine 
cylinder, 337, 343 


Hopkinson, Professor B. — {contd.) 
ideal eificienoy of gas engine, 375 

expansion curve, 379 

incomplete combustion in petrol engine 
319 

mechanical and pumping losses, 48 
motoring tests of engine, 50, 61 
optical indicator, 21 
pre-ignition and detonation, 344 347 
radiation loss, 333, 338 
specific heats of burnt products, 351 
tensile stress in cast-iron piston, 341 
Hornsby-Akroyd hot bulb oil engine, 283 
ITorusby-Stockport suetion gas plant, 
tests, 256 f 

Horso-powor, 4 — 

brake, 26, 29 # 

hour, 5, 35, 40 
indicated, 25, 29 
metric, 4 

of eomijoiind steam engine, 471, 472, 
477 

Hot-air engines, 107-113, 120 123 
Howden forced draught, 215 
Hydiaiilic brakes, 32 36 
Hydrocaihoii fuels, properties, 233 
Hydrocarbons in petrol, 234, 317 
Hydrogen - 

eornbustion of, 196, 201 
critical temperature of, 54, 194 
deviation ot gas thermometer, 56 
heat change in compression and ex- 
pansion, 82-84 

heating elToob in porous plug, 62 § 

Ignition range in air and oxygen, 20- 
liberated in electrolysis of water, 195 
liqiiofartion of, 188 
rate of inflammation, 201, 346 

Uk 

latent heat of, 101, 194 ^ 

making, 167, 176 

melting point lowered by prpssiip'i, 100 
Ideal air standard cycles — 
conditions, 266 
efficiency, (Table) 270 
indicator diagrams, 268, 273, 274, 2 
Ideal efliciency — 

(Jariiot, 45, 96, 266, 267 
gas engint^, with variable siiecific heal, 
375-381 

petrol engine, with variable specific 
heat. 385 387 
Ideal producer gas, 250 
— _ reversible cycles, 94 -123 
Ignition — — 

Akroyd automatii*, 280, 296, 297 
by compression of charge, 392 
electric spark, 196, 280, 307 
missing and retarded, effects, 343 
pilot-eJiarge, ior lieavy tar oil, 287, 
28& . 
point, ofloct of compression, 20b, 271, 
285, 344 ^ 

prCinaturo, 271, 344-346 
spontaneous, of coa!, 204 
timing of, 317, 326, 342, 343. 359, 391 
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ImpulHe turbine — 

effect of Hpeod on efficiency, 504 
efficiency of blading, 501 
reheating and condition curve, 516 
Incomplete combustion, 208, 224, 310, 
320 

expansion of steam, 451 

Increase of specific heats with tempera- 
ture, 72, 73, 192, 367-372 

volume in combustion 

of petrol, 232, 233 

Indicated - 

horse-power, formuhn, 25, 28, 29, 455, 
459, 460 

mean ofTcctivo ])reHsiire (M.K.T’.)t 
lar 24, 48, 49, 122, 123, 130, 265, 
276, 286, 300, 458 

tliermal officftncv, 45, 46, 270, 276, 
301 302 

weight of steam, 453 
Indicator, Crosby, 13 
Indicators, optical, 16-24 
iTjflicator c^iagram — 

action in engine, 262, 263 
actual steam engine, 300, 456 
oero-ougine in flight, 24 
allowance for clearance, 12 
application of, to the steam T(p chart, 
466 

- of steam saturation curve to, 
460 

cornbinatioii, for compound Htoam 
engine, 469, 475 

comparison of actual, with theoretical 
steam, 456-458 

consumption of steam from, 453 
cylinder volume ostnnated from, 459 
effect of governing on steam, 454 
errors in, 15 

•electrical, at different altitudes, 21 
heat reception from, 84, 87 
horse-power from, 23, 24 28, 455, 459, 
460 

lal? of curves on, (i, 464 
light Sjir^ig, gus engine, 263 
- — - -, oil engine, 286 

mean effective pressure (M.T'l.r.) from, 
II, 12, 24, 25, 459 
M.E.r., of air compressor, 130, 137 

- , of air engine, 122, 123 

, gas engine, 48, 49, 265, 271, 382 
— , heavy-oil engine, 19, 276, 286, 
300 

steam engine, 452, 459 
phase alUn'ed, 19, 22, 24, 345, 346, 399 
pumping losses from, 50, 51 
Scott-Still marine oil ongitie, 300 
specific heats of gases from, 370-372 
theoretical, for steam engine, 452 
timing of Ignition, shown on, 345, 346 
Iiiduced draught, 21 5 
Inert gas retards fmmhuslion, 197, 202, 
^6 

Inflammability of gases, J97, 2t)0-202 
Inflammation, eflicts of - * 

methods of firing, 201, 343-347, ,102 
turbiiibnce, 28l, 324 


Initial condensation of steam in cylinder, 
458 

temperature of charge in gas engine 

328, 331 

Initial temperature of ohargb in — 
petrol engine, 325* 

Injector, oil-fuel, Holden, 239 

, oil-spray^ 283, 288 

Intor-chango of heat, regenerative, 186, 
262 

Inter-coolers in air compressors, 127, 146 
Internal combustion engines, 261-405 — 
thermal efficiency, 45, 49-271, 287,291, 
301 303, 343, 381, 386-387, 389, 393, 
398, 400 

Internal combustion locomotive, 294 
Internal energy, 41, 59, 365, 372 — 
change in adiabatic expansion, 60, 76, 
77, 101 

curve for gas engine products at high 
temperatures, 372, 377 

for potrol engine products at high 

tomporaturoa, 402 

in terms of specific heat and tempera- 
ture, 365 

Joulo and Thomson, experiments on, 
59-62 

of gases at high temperatures, 365-372 
of perfect gas, 102 
of steam, 410 
Irreversible processes, 113 
Isentropic How of steam, 494 
Isomers, 222 
Isothermal — 

and adiabatic curves, 73 
compression of air, 74, 126 

of vapour, 64, 66 

expansion, heat received, 74 
work done, 10 

lioise-power of air compressor, 126, 132 
lines on a pv diagram, 73 

on a T0 chart, 106, 161, 169, 416 
on a fit Callendar diagram for 
steam, 420 

— on a H(f) Mollier chart, 179, 182, 

419 

Jackkt, steam-, heat HUjiplied from, 
during expansion, 462-464 
Jneket, w^ator 

host temperature for gas engine, 61 

— for small petrol engino, 358 

cooling, 126, 127, 144, 146, 261 

Jcnkiii, VrofoHsor C. F. — 

tables for charts of COg, NH3, and S02, 
178 

table fur ethylcliloride, 193 
Jeiikin and J^ye — 

specific heat of brino, 194 

— of CO2, 192 

Jet sjiriw carburetter, 304, 312, 314 
JubaiiiiAbiirg, compressed air output, 
147 

July, Vr^ossor J. — 

cliff c^r^tial ^team calorimeter, 72 
specific boats of gases, 73, 192, 3*7 
Joule, a uiut of work, 4, 30, 40 
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I oule’s air engine, 1 1 1 — 
reversed, a cold air machine, 163 
Joule’s — 

equivalence of heat and work, 38 
free oxpaAsion of air experiment , 59 
internal energy la^, 59 
Joule and Thonison (Lord Kelvin) - 
cooling effect, 62 • 

- - , used by Lmde, 186 

- , ]iorou.s ])lug I'xpcninenl, 60 
JiiiiUer, gas and oil caloriinetcr, 235-238 

Kklvin, LorJ 

abKohit/O (scale of tenipcraiurc, 55, 62, 
103 

availability of heat, 113 
cllect of prc>^«urc cni inciting point of 
ice, 100 

rope friction hialn*, 29 
tliornial conductivity, 335 
wanning machine, 166 
Kelvin and Joule, cooling effect, 62 
Kerosene 

fractional distillation, 228-230 
from crude oil, 225 
lu*ating Millie, 229 
Kilo-calone, 37, 178 
Kilogramiiio 
standard, 2 
-metre, 4 

Kilowatt -h(jiir, 5, 40 

Kinetic energy, 42, 152, 154, 310, 321, 
324, 325 ‘ 

of steam in turbine, 500 

Lanchesteu, surface < arhurct Lor, 301 
Langeii, sjiccific heats from gaseous (‘x- 
plosions, 369 
Latent heat of - 

alcohol, effects of, 235, 317, 391 
evaporation, 100, 220, 230, 231, 233, 
234, 317, 392 
ICC, 101, 175, 194 
refrigerants, 192, 193 
steam, 114, 220, 409 
Law, adiabatic, with siiecilic lieats 
constant, 75-77 
variable, 372, 373, 375 
Law of— 

Avogadro, 196, 366 
Hoyle, 57, 77 
(’harles, 57 

chentucal combination, 195, 198 -199 
curve, how to find, 6, 7, 464 
equivalence of heat and work, 34, 35, 
38, 40 

expansion and compression, 76, 77 
Joule, iTilornal energy of gas, 59 
second, of thermodynaiiucs, 45, 98 
►Stefan, radiation, 329, 332 
Leakage of steam and the ^missing 
^ quantity, 461 

Le Chatolior and Mallard, spec^ic heals 
from explosion, 368, i|69 
Lcngfti, standards of, 2 
Lepidudeiidra spore-cases in coal, 204 


Lewes, Professor Vivian B.— 
on acetylene gas, 222 
on coal-gas analysis, 242 
Light spring indicator diagram — 
charge temperature, 325, 328 
lioav^y-oil engine, 286 
pumping loss, 50, 61, 263 
Lignite or brown coal, used to make gas, 
258 

Limits of — 

Ignition iomperaliiro of gases, 202 
iiiflammahihty of gas and oxygen, 200 
ratio air/jietrol, 201, 319, 320 
thermal ellicioncv in petrol engine, 386, 

Lmde ^ 

ainnioiLia comprcssioiyMiachino foi re- 
frigeration, 184 
rectification of liquid air, 188 
legonerativo [irocess of refrigeration, 
186 

tests of perfonnanee of (K). and NH3 
machines, 184 
Liquefaction of gases, 186 
Licpud fuel 

calorific vahiob, 228, 233, 234 
use of. 111 locomotive boiler, 239 

, in marine boilers, 240 

Locomotive boiler, distribution of heat 
111, 223, 224 

- , beavy-oil engine, 294 

Locib 

frictional, 111 gas engine, 27, 49, 50 
in actual rcfiigorntion, 183 
111 jmmpmg strokes, 51 ^ 

111 steam engine, diagram factor, 458 
Low pressure steam used in liirbme, 290- 
302 

temperature (>ai boniz:atiou of coal, 
241 • 

l^o\M*, carbiiretted iiter-gas, 248 «< 

Lovier calorific value of fuel, 220 
Lubricating oil — U, 

excess of, in mr compressors, 131 

,111 petrol eiigiiio, 36lJt, 361, 397, 
398 

him III engine cylinder, 334 -336 

M AirnER-HEiiTHEMiT bofiib calorimeter, 
217 

Mallard and Le Oliatelier, spccihc heats 
fjom gaseous explosions, 368, 369 
Manometer, curved tube gauge, 151 
Marine Oil Engine Trials Coininittoo, 209 
Mamie oil engine Inals of — 

Diesel oil engine, 303 - 

Scoti-Still regenerative engine, 300—2 
Martin, H. M., the Wilson line for super- 
saturated steam, 491, 492 
Maximum discharge, condition of flow, 
in coiivergoiiv-divergont nozzlo, 139- 
140, 156 » 

thermal efUi'ieiicy, conditions^ gaa 

engine, 263 

Maylifich ]et-carbiirett?)T, 304 • 

Mean effective pressure. 8o»3 indicator 
Diagram, M.E.P. 
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Mean thermal unit, 35, 40, 411 
Measurement — 

of air taken in by ]^>etrol engine, 3 1 9, 396 
of brake H.P. of engine, 29-35 
of cyclical changen of temperature in 
gas engine, 329-332 
in petrol engine pis- 
tons, 361 364 

of discharge of air compressors, 147 
158 

of gas consumption by engine, 48 
of heat supply to an engine, 47, 48, 49, 
286- 287, 291, 300-302 
of internal energy of gnses, 41, 365 
372, 377-381 

of tcmt>eraturo in explosion vessel, 333, 
347 ^ 

- in gas engine cylinder, 326, 329 
in piston of petrol engine, 355, 
369, 360 
units of, 2 5, 40 
Mochanieal.cfticiency - 
aji^timatcd from brake-power, 27, 28 
of an engine, 26-29, 49 -51 
Moehaiiical - 

equivalent of lieat, 34, 35, 37 39, 40 
loss in a gas engine, 26, 27, 48 51 
refrigeration, 160 194 
Mellanby, Professor, test of liigli-speed 
oil engine, 294 

Melting point of ice lowered, I0(» 
Mercury-in-glass therinoineter, 54, 55, 56 
Methane carbon reaction, 203, 227 
Metric system of units, 2 -4 
Midland coals, formula for calorific value, 
22 ^ 

Missing quantity, calculated from sfeam 
engine, indicator diagram, 460-462 
Mixtures, explosivt‘ 

*of alcohol and air, 233, 235 
range of gases, 202 

-- of petrol and uir, 231, 23 4, 320 
rich and w'oak, eiTecis in ciigiiie, 341, 
T81, 387, 389, 397 
w'^ith inc«t gases, 201, 271, 391 
Molecular weight, 195, 360 
Molecule, gramme-, 366 
M oilier diagram - 

total lioat-entro]i\ with oblique co- 
ordinates, 178, 179 
, steam , 419 

Mollier formula pressure and volume of 
steam, 408 

- steam tables. Appendix 11 
Mono gas produeor - 

ammonia recovery, 252, 254 
Bone and Wheeler tests, 252 253 
Morse, L. (1, E.-- 

exhaust gases from petrol engine, 317 
indieated power of petrol engine, 28 
Motor ‘Car, first Panin nl and Levassor, 
303 • 

Motvl's, oompressed air, 1 33 
Motor-ship — 

• DoHus, result^f trials, 300 30^ 
Sycarmre, resists of trials, 303 
Moss arm Stern, optical indicator, 20 


Naphtha, a petroleum product, 225, 226 
Napier Lion, aero-en^ine, indicator dia-^ 
grams taken in flight, 24 
“ Natalite ” fuel in petrol engine, 396 
“ National ’* suction gas plaii4, teats, 255 
Natural gas, 240 • 

Nature of hydrocarbon fuel - 
expansion by^ combustion, 233 
initial temperature, 234, 235 
starting from cold, 3 1 7 
Noodle-valve, float-feed siqiply, carlnirot- 
tora, 304, 312-316 

Nicolson, Professor J. T., use of exhaust 
gas in steam boiler, 337 
Nitrogen - 

from liquid air, 188, 189 
in air, 197 

retards combustion, 202 
Nozzle, air discharge coellieients, 150 
Nozzle, convergent -divergent — 

discharge conditions, 139, 140, 155, 484 
flow of iietrol through, 307-31 L 
friction lu, 149, 311 
frictioiiless adiabatK' flow of steam, 487, 
488 490 

fiietioiLRlly-resihtiul adiabatic flow of 
steam, 488, 490 
sectional area, 482, 488, 489 
sJiajM'fl, air discharge, 150 
shape of, for discharge with fnctionloss 
adiabatic flow' of st(‘arn, 482 
Nozzle, effect of friction, 487 - 

critical iiressure and discharge of steam 
485, 193 

Nozzh^ supersat united — 
steam expansion, 490 

undoi cooling, 429, 492-495 
Nozzle, A elocaty and pressure of steam at 
throat, 485, 486 
Nozzle-mjecior for oil fuel, 239 
Nozzle sprayci, heavy -oil engine, 288 

OnniQUK, co-ordmalos Molhor, U(h 
ehart, 178, 179 
Oil 

as fuel in locomotive, 239, 240 
coil burner (Primus) in calorimeter, 238 
cra<-king ])roeess, 226, 227 
enido oil. See Pelroleiini 
fractional distillation, 228 230 
fuels, composition and heating values, 
(tables) 228. 233, 234 
pjiraflln, tendency to detonate, 233, 
391, 392, 393 

spraying, air blast (Diesel), 275, 276 

airless injeciioii (Akroyd), 280, 
283 

volatile hydrocarbon, jiropcrties, 233, 
234, 317 
Oil engine 

Akroyd automatic ignition, 280 -283 
Biav^i, 279 
Diesel, 275 

Hornsj^' -Akroyd (hot bulb), 283 * 

Pet tor^wo -stroke c ycle, 290 
Priestman, 579 • 

Kustoii-Hornsby, airless injection, 284 
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Oil engine — {contd.) 

^ Scott-Still rogonorative airless injec- 
tion, 294^302 

Vickers- Pet fcers two-stroke, 292 
Oil fuel, fcalorific values and properties, 
228, 2^5, 234 

„ , paraHin, fronflScotch shale, 225-2t> 

Optical indicators, lG-24 
Orifices — • 

air discharge througli, 148, 149, 155,157 
discharge coolficients, 149 
flow of jiotrol througli, 308 
square-edged circular, 148 
Orsat, analysts apparatus, 206, 317 
Otto, Or., four-stroke coiTii)rossioii cycle, 
262 

Overall efficiency - 

air coiTijircssor, 126, 132 
suction gas plant, 25(i 
Oxygon — 

heat of combustion in, 197, 205, 228 3 1 
in air, by volume and weight, 197 
in exhaust gases of petrol engine, 318- 
320 

liberated in electrolysis of water, 195 
required for complete combustion, 1 97 
199, 207, 208, 231 
separation from liquelied sir, 188 

PANHAIID and Levassor, firsl anlomobile, 
303 

Paraffin oil 

cracking process, 226 
, from shales, 225, 226 
Partial piossuies b^ Dalton, 63. 64 
Peat, formation and calorific value, 203, 
205 

Perfect gas 

cliaractcnstic cijuutioii, 58, 71 
energy law of, 41, 59, 77 
phy.sical jiropcrties, 54-92 
Perfect heat engine, ideal eondilions, 
98 

rcgeneiative heat engine, 107 

Performance, eoeflii-ient of, in lefrigeia- 
tion, 160, 177, J81-184 
Perry, Professor John - 

energy equation for steady tlow^ of fluid 
309 

optical indicator, 1 6 
Petrol and air- - 

available heat fioin, 231, 235 
calorific value of, 234 
carburettors, 304, 312 316 
internal energy euive, 4(t2 
Petrol -- 

eoelfleient of discharge tliioiigli orifices, 
308, 309 

eonatituents of, 234, 317 
detonation of charge, 390 392 
example of compleU' eomlnistion, 230, 
231 s 

of fluidity, 308 > 

experiments by H. K. Pieardo, 232, 
386, 387 # 

latent heat of evaporatron, 231, 234, 
fSb, 392 


Petrol engine — - 

advantages of alcohol mixtures as fuel, 
394, 395 

aluminium piston temperature, 355-61 
cyclical changes of piston temperature, 
301-364 

early Daimler and test, 303, 306 
offlcienoy with varied compression, 398 
-- with various fuels, 393 
essential parts of, 305--307 
exhaust gas analyses, 317, 318, 319 
heat distribution in high speed, 399 
starting from cold, 316, 317 , 

A^alve-scttmg, 321 323 
w'lth stratified charge, 388, 389 
JVtroleurn, 224-228— ^ 

analyses and calorific values, 228 
avoid cracking, by su^rheatod steam, 
227 

comnierejal products from, 225 
cracking yirocess, 226 
fi actional distillation, 228—230 
methane carbon from, 203 «• 

IVtter oil engine, 29lf 
Ifliasc-nUerod indicator diagram, 19, 20, 
23, 24, 300, 345, 346, 399 
Pilot-charge ignition of very viscous oils, 
287, 288 

I'llot-jct 111 carburettor, 316 
Piston — 

lieat flow in, 339, 340 
of inulti -stage air compressors, 131 
temporal 111 c of gas engine, 332, 340. 
341 I 

— of petrol aero-engine, 355 ^ 

I’ianimotoi , 12 

Platinum thermorncti'i , 54, 326-328 
“ I’opyang-liack ” in carburettor, 353 
Porous plug f'xix'rimcid, 60 
I’ound-caloiie, unit, 37, 40 
I’ound, Impel ial standard, 2 
Power, 4 — 

1)1 akc horse-, 26-37 

electrical, 4 ^ 

indicated horse-, 24- 26 ^ 

- - - estimated from D.IJ. P.,27, 28 

JVe-eooler for liquid carbonic acid, 168 
Pre-hcator — - 

for alcoliol mixture, 235 
foi earbuiatioii, 305, 311, 324, 393, 395, 
400 

for eumprc,ssed air motor, 133 
1‘i'e-ignitioij 

in gas and yjctri)! engines, 27 I, 344-347 
pniieqial factor controlling compres- 
sion, 271 , 392 

temper a tine measured in gas engine, 
344 

ill petrol engine, 392 
Premier gas engine, Professor HiirstalPH 
reseaieb, 27 1^ .340, 364 
Pressure - f 

absolute, 3 

brake mean cffoc-tivo, 29, 301 
eointioundmg, in steCh turbm6, 610 * 
critical , in steam nozzle, 486 
drop in compound stoani engifie, 471 
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Pressure — ( cnntd.) 

gauge, 3, 151, 210. See Indicated 
M.E.P. 

standard atmospheric, 3 
Pressure -volume diagram -- 

actual, steam engine, 300, 456, 457 

, gas engine, 262, 266, 345, 381 

oil engine, 19, 281, 285, 300, 380 

petrol engine, 24, 353 

theoretical, steam engine, 452 
Priestman oil engine, 279 
Primus coil lamp for oil burning, 238 
Piinciplc— - 
Carnot’s, 97 

conservation of energy, 38, 40 
Producel^gas - 

calorific value and composition, 213- 
245, 253, 2^ 

See Gas Producer 
Products, burnt — 
from c-oal, 200 
from coal ^as, 198 
Prod^f’ts- 

distillatiun of crude oil, 225 
exhauvSt from petrol engines, 317—320 
pxplosion of gns and air, 199, 348, 369 
Propagation of gas flame — 
in closed vessel, 201, 349 
rate m engine cylinder, 345, 352,353, 354 

in petrol engine, 398, 399 

Properties of — 

gas and vapour, 54 -92 
oil-fuel, 233 234 
refrigerants, 192, 193 
Proportion of steam engine cylindci 
volumes, 470 
Proportio‘ris of- - 

air and oxygen for combustion of gases, 
197. 198, ;148 
_ with petrol, 230 -234 
^ with producer gas, 257, 258 

.maximum clhciency, 203, 320, 387 

. power, 319, 353 

Proxiiimto analysis of coal, 205 
Pulsations ir^air flow', 151, 311 
Pump — 

compression, in refrigeration, 160, 186 
pilot oil spray, for tar oils, 288 
Pumping — 

losses in gas engine, 50, 51 
strokes, indicator diagram, 263, 286 

Quality, constant — 

lines for steam on 7*0 diagram, 416, 523 

- on diagram, 419 

Quantity of -- 

air for coniliustion, 197, 198 

supplied to petrol engine, 310, 

320, 396-398 

gas supplied to engine, 48, 381 
petrol supplied to eiigiLie, 318, 319 

Radia^on — 

' by Bunsen flame, 333 
jstimate in gas ^^ino, 333, 385 | 

loss in gas prodi^or, 240 
Stefan’s^aw, 329, 332 


Railway service, use of oil engine, 294 , 

Rand, compress^ air transmission, 147 
Range of inflammability of gaseous mix- 
tures, 201, 202, 319, 320 - 

Kankine — i 

calorific value, fornjula, 222 ^ 

cycle, 441 

, a standa^rd of comparison, 444 

, effect of condensing on, 440 

— — , pfiicienoy, 444-448 

— — , incomplete expansion, 451 

— — , in terms of pressure and volume, 

450 ^ 

-, py and T(f) diagrams, 443 
on perfect reversible cycle, lb4 
relation of pressure and volume of 
steam, 408 
Rate of 

flame propagation, 201, 346 

effect of turbulence, 324, 

353, 354 

heat reception or rejection by gas, at 
constant specific heat, 84r 88 

at variable specific 

heat, 373, 374 

Rated capacity of refrigerating machine, 
178 
Ratio — • 

comprcHHion or expansion, 10 

, and ideal ctTiciency, 271, 385-387 

efficiency, 45, 178 

, of steam turbine, 51 8 

of Kteain cylinder volumes, 470 
specific beats of gases, 72, 73, 351, 367’ 
Reaction turbine, blading efficiency, 51.3 
Reactions in gas producer, 247, 249, 251, 
253 

Rcavoll — 

air compressor test, 132 
— - dmgnim«, 130, 133 

luibo-coin\ircsKi»r, 1 43-146 
Kccejition and rejection of beat at — 
constant specific heat, 84-88 
variable specific heat, 373 
Rectification of liquefied air, 188 
Redwood, Sir Boverton, oil cracking pro 
cess, 226 

Refrigerants, properties of, (tables) 191- 
193 

Rcfrigeralioii - 
charts, 179-182 
luglipst efficiency, 162 
mechanical process, 163, 167, 169 
Researcli Committee of tlie Institution 
of Mechaiiieal Engineers, 177 
standard unit rate, 178 
w'ork done in, 183 

Hofngorating effect and total bout, 177 
Refrigerating machine — 
ammonia absorption, 189 

compression, 169, 170, 182, 183 

Boll-Coi^nan air, 163 
oarbonieacid compression, 167, 179-182 
coefficient of performance, 160, 177 * 

comparison bv Linde, 184 
Kaslam, pre-clioler, 168 * 

rated capacity, 178 
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t Regenerator, by Stirling, 107 
Regenerative— 

fooling, Linde, 186 
inter-CMii|i\ge of heat, Mond, 25*2 
marine oil engine, Scoti-Still, 298 
Regnault — 

experiment M on steam, 407 
formula for dry saturifteil steam, 41 
specific heats of air, 72 
Regulation of output -- 
air fompressors, 1111, 146 
gas engine, “ hit and miss ” admission, 
263, 261, 343, 382 
oil er^i'ne, 282, 292, 294, 297 
petrol engine, by throttling, 326 
refrigeration, 167, 189 
steam engine, by cut-off and ihroUlc, 
455, 456 

Reheating and condition cuivo in steam 
turbine, 516 
Relation between 

spccitic lieata of a gas, 70, 71 
p, v, and 2' of gas, 58, 71 
— of steam, 68, 407, 408 
Residual exhaust gas — 

cooleil, to increase mean pressure, 
271 

eft’ect on detonation, 391 
Reversed heat ciigino 

a lefrigoratiiig inaebinc, 97, 160 
a \^ arming inacliiiie, 1 66 
Reversible cycle - - 
• Carnot, 94—107 

Carnot’s principle, 97 
Re^erBlblc reaetions in gas ju'odueer, 246, 
247 

Reynolds, Professor Osboine - 

criterion for viscous llou, 156, 307 
formula for heat transmission, 337 
hydraulic brake, 33 
inechameal equivalent of lieut, 31 
Rhead and Wlieeler 

action in gas protlucei, 245 
Ricardo, Mr. 11. R., 232-235, 324, 386- 
393, 396 404 

Rich and weak mis mixtures in engine, 
341, 381 

Robinson air engine, I 10 
Rob.son, James - 

early two-stroke cycle engine, 264 
Rochas, Beau de 

four-stroke cycle, 262 
conditions for maximum etlii iency, 263 
Rope brake (Lord Kelvin), 29 
Rotor of a Reavell tin bo-compressor, 143 
Rowland - 

on spoi'ific beat of viatcr, timl “ J,” 
39 

Rustoa and Hoinsby 
heavy-oil engine, 284 
brake trials, 286, 28'^ 

•Sankev, Captain Rial I 

trials of Reavell ajr-coiiq«e.sHor, 132, 
• 133 • 

ot Riistoii and Huriisby heavy- 

^ oil engine, 287 


Saturated steam — 

eoiisumptioii from indicator diagram. 
460 

entropy of, 114, 414, 416 
external work in formation of, 410 
formation at constant pressure, 408 
int/ornal energy of, 410 
latent heat, 114, 220, 408 
relation of pressure and temperature, 
68, 407 

specific volume of, 69, 414 
fotal heat, formula for, 410, 413 
Siitmatofl expansion, heat-drop on 
diagiam, 177, 181 
steam expaii-sion, 424 ^ 

\apour, 64, 406 
Saf iiratjon lino of - ^ 

ammonia on Hcj) diagram, 182 
carbonic acid on diagram, 179 
on ptf diagram, 65 
on T(j} diagram, 169 
>-.1.08111 on 'rej) diagram. 41,6, 523 
- on pv diagram, 460 • 

Saturation of air with vapour, 63, 150 
Scale of t.(>mpGratnro, thermodynamic, 
55, 62, 10.3-105 
S<-aveiigiiig air- - 

effect ill Crossloy gas engine, 343 
usi'd with blast furnace ga.s, 263 
Scotch ])araihii oil from shale, 225 
Sciitt-Still, marine oil engine iii M.S. 

J)oliun^ trials, 294- 302 
Seay, absoiptioii ndrigeiation, 191 
Second law of tliermodynamics, 45, ^ 
Self -ignition temperature of oil fuels in 
cngiii(‘, 392 

Scqmratmg steam ( alorimetcr, 432 
Self mg of valve.s, effect in petrol engine, 
321 323 

Shale oil, distillation, piodiu'ts, 225,^226 
Sigillaroid trees in coal, 204 
Silbermann. See Favre 1 34fi 

Sjiarliing plugs may cause prc-ij^litioiis, 
Solid fuel, carbon value of, 223 
Sparrow, S. W., on liigh corf^prcssioii, 272 
Specific gravity of liquid fuels, 233, 234 
S]>ocific iioat of gas 

at high temperatures, 368 -372, 377 
ditTerence between, 70 
increase from constant \olume explo- 
.sion.s, 351, 352, 368 

from experiments by <foly and 
Swann, 72, 73, 367 ^ 

from gas engine mixture, by Sir 
Diigald Clerk, 369 372 
Specific heat - ~ ~ 

ratio of, 72 

steam, 115, 368, 369, 412, 413 
volumetric, 351, 352, 366, 372, 377 
Specific heat of water, 39, 40, 411 
Spec.ific volume — 

gas mixture conlJacts m eoinbvistion, 
198, 199, 328, 348 ** 

oil vapour increases in coiiibiiHtioii,232, 

1 233 ^ 

petrol vapour, 23 If 232 
steam, 68, 60, 407, 408 

< * 
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Stages in slow combustion of hydro- 
carbons, 203 

— — in steam turbine, 501, 508, 511, 517 
Starting from cold — 
alcohol engine, 317, 305 
heavy -oil engine, 286, 280, 287 
petrol engine, 236, 316, 317 
Steady flow of a fluid - 
law of, 42, 163, 310, 480 
through converging no'/.zlc, 139, 150 
153, 155 

orihcc, 149, 15(i 

Steady flow, croas-section of steam iioz/.le 
482-484 
Steam — _ 

action Til gaa pmdiu'er, 247 2.53 
adiabatic oxp^^ion of, 424, 427 

— thruugli nozzle, 480 

blast, draught in loiiomotive, 215 
in gaa producer, 248 
boiler, fired by oil fuel, 239, 240 
Calleiidar’a chart for, 420 
cimracteri^iu equation, Calleiular’a, 67, 
406, 408 

^ Van der Waala, 66 

l alorimeter, .foly’a ditt’ereutial, 72 
Carnot cycle with, 99, 438 
(^apeyroiTH equation, 100, 408, 439 
consumption (WiUans line), 453 
critical pressure and discliai ge through 
nozzle, 485, 486, 487 
• cycles ((^hap. X), 438 479 
engine, heat balance in, 165 

, iridicalur diagram, 456 

j ^ factor, 458 

entropy of, 114, 414 
formation of, 408, 409 
gam oi eiiliopy diinug tliioltling, 431 
incomplete expansion, 151 
internal energy, 410, 421, 423 
jacket eflect, 462 
kinetic energy in turbine, 500 
latofiLlieat, 114, 408, 409 
M.E.r. from diagram, 25, 26, 452, 458, 
159 » 

missing quantity, 460 

* nozzles, 480 496 

* jiroporties. 406 

Hankine cycle, 441 |407 

relation of prossnre and Ic'mpcratiirc, 
— - volume and tein])ci'atiire,68 

408, 427 

_ __ __ mid total heat, 69, 114 

saturated, 64, 69, 406, 409 
separating ealorinieter, 432 
specific heat, 115, 368, 413 

volume, 68, 69, 407, 4o8, 414 

.snperhoatod, 04, 406, 412, 413 
supersaturated, 70, 428, 491 
^ tables, Appendix I, 628 ; and 1 1, 534 
temporature-oiitrony di»*grani, 416, 523 
Ihrottlirig of, 430, * 

Calorimeter, 431 

total beat, entrouv diagram, 419 

of. 40“410, 422 

turbiiies^408-52(i 
Stefan’s law of radiation, '<29, 332 


Still, W. J.— / 

cylinder liner and jacket, 296, 297 
regenerative oil engine, 294 
See Marine Oil Engine * 

Stirling— • 

regenerative air on^e, 107, 12 V ^ 

cycle, pv and T(j) diagrams, 108 
Stratified charg^- 

Akroyd oil engine, 281, 282 
Kicardo oil engine, 388, 389 
saper-compressioii, 271 
Strength of mixture, effect on — 
gas engine efficiency, 341, #81, 385 
Ijetrol engine cflicienoy, 359, 389, 
397 

Stress 111 gas engine piston, 341 
Stuart, Herbert Akroyd, 280. See Akroyd 
Suction gas pioducer — 

Bonier, 254 
Dowson, 266, 257 
Eshontial parts, 254-255 
Hornsby -Stockport, 256 
“ National,” 255 
Suction temperature m 
gas engine, 328, 331, 376 
jietiol engine, 324, 325 
Supi'rchargo in reirigoratjon, 169 
Sinicr-coiiqiressioii in gas ongmo, 27 1 
Su]M‘rh<nit iii vapour compression refrig- 
eration, 183, 184 
Siiperheated steam - 

adiabatic expansion of, 425-428 

— Jii'ut-droj), 449, 450 • 

i iitical pressure and velocity at throat 
of shaped nozzle, 495, 496 
entro[)y of, 114, 115, 415, 425 
external work done m formation, at 
constant jiressure, 412, 413 
internal energy of, 412 
spc^citic heat of, J15, 413 

volume of, 68, 408, 414 
teiiipcrature-eiitropy diagram, 416,424 
448, 523 

total lieat-eiitrojiy diagram, 419 

heut of, formula; for, 412, 414 
Supi'rsatiirated steam, 69, 428, 490 

atlialiatic exjiansioii tlirougli nozzle, 
429, 490 492 
- lieat-drop, 493 496 
isontropic flow, rlegree of undercooling, 
494, 495 

limit of expansion (Wilson line), 490-92 
Supply of 

electricity. Board of Trade unit, 5 
heat })y electric curnuit, 39 
Surface- 

carburettor, Daimler, 303 
, Lancliester, 304 

fdni of air and oil on cylinder, eonduc- 
tioii, 334-337, 340 

heat loist per unit area of piston and 
cylindi^, 331, 338-340, 364 
Synthesis oi acetylene, 222 ^ 


a 
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absolut,o, 57, 02, 103 (. 

calculated from indicator diagram. 


77 





562 


INDEX 


^ Temperature --{contd.) 

cViange of gas in adiabatic operation, 

cycUcJ^l changee, in gas engine cylinder, 
320, S32, 339, 341 

V , in J•RtonH of ncro -engines, 

3ttl-364 

distribution during e:»[)losion in cloaotl 
vessel, 349, 350 

-entropy diagrams, 105. 109, 112, 169, 
170 

diagram, st-oam, 4 16, 523 

-gradient^ in engine (\\lmdcr, 336 
ignitjj^^ ‘range, of gastr., 202 
* in gas engine cylinder, 326, 328, 330, 
331, 344 

and petrol engines, with rieli and 
weak mixtincs, 341, 359 
jiliysically fixed points, 34, 194 
piston, of petrol aero -engine, 35.5 363 
platinum scale of, 54 
self -Ignition, of Jiydrocarbons by com- 
pression, 392 

standard thermodynamical scale of, 62. 

63, 104. See Suction Temperature 
zero, 57, 62 

Tensile stress in gas engine ])iston, 341 
Tljoory of curhurotion, 307 31 1 
Theoretical indicator diagram, steam 
engine, 452 

Thermal balance shoot, 47, 49, 302, 385, 
399, 400 

• Thermal efiiciency- 

absolute, indicated, 41, 46 
actual curves attained, 271, 287, 301, 
383, 380, 389 

gas engine, with lidi and weak 

Tjiixtiircs, 381, 383, 385 
— petrol I'ligme, with rich and weak 
mixtures, 387, 389, 397 
air compressor, 126, 132 
ideal air cycles, 270 

Carnot cyde, 46, 96 
with gas charge at varinhle 
specific heat, 375 381 
witii liquid liydrocarbon fuel, 
385 387 

of Rankine cyde, 444 -448 
Thermal - 

equivalent of J li.p.-lir., 35, 40 
unit, moan, 35, 40, 41 1 
Thermodynamic — 

correction of gas thermomcLer, 56 
properties of gas and vapour, 54 92 
scale of temperature, 62, 104 
Thermodynamics — 
first law of, 38 
second law of, 45, 98, 105 
Thormo-oleolric couple, 55, 329, 330, 332, 
337 

Thermometer - - 

gas, 39, 56 m 

0 mercury -ill-glass, 54, 56, /18 

platinum resistance, f/ttll^idar’s, 39, 
^ 54, 326-328 , 

Thermo-siphon, cooling- water circiilaiiou, 
306 


Thomson, Trofossor James, on melting 
point of ice, 100 

— , Sir William. See Lord Kelvin 
Throat of nozzle, critical conditions^ 139, 
140, 155, 485, 486 
Throttle governing of - 

compound steam engine, 473 
steam, engine, 455 
Throttling of — 

gas, cooling effect, 62, 68, 1 86 
petrol engine, 326 
refrigerating machine, 167, 189 
steam calorimeter, 431 

— drying effect, 430, 457 * 

— , gam of entropy, 434 

Time of explosion-- ' 

defined, 346 ^ 

in a closed vessel, 3^, 353 
in 11 gas engine, 346, 354 
in a high-speed engine, 352, 354 
in stilling turbulence, effect on, 354 
in w eak jietrol mixture, 353 
Timing of Ignition in — ^ 

gas engine, 342, 343 
petrol engine, 317, 326, 352 
Tizard and Tye - 

gas ongiiu‘ efficiency, 272 
ideal efficiency, using hydrocarbon 
fuels, 385 387 
Tizard and Kicardo — 
detonation, 390 

internal energy curve of bcnzeiie-air 
mixture, 40 1 

Tookey, W. A.* - a 

trial of Kuston-Hornshy oil ongme, 
287 

Torque on crankshaft, 28, 30 
Total gain in entropy of w'liter r‘hangod 
to superlieated steam, 114, 415 
Total heat • 

change at constant pressures 43, 177 ^ 
constant, in tliro tiling, 43 
droj), and work done, 44, 177 
-I'litropy diagram, 179, 182 ^ 

— — _ for stoam, 41 J 
of H fluid, defined. 42, 102 

of dry saturated and superlieated 
steuin, 412-414 

of steam during adiabatic expansion, 
422, 443, 444 
of water, 42, 409, 413 
relation to volume and pressure of 
steam, 09, 408, 410, 414 
Tiansference of heat by radiation, 329, 
332 

Transmission of - — 

heat by condiietion and convection, 
329, ‘334-337 

power by conqin^ssed uir, 133, 143, 
147 
Trials of 

air compressor (Ifeavell), 132, 133 
Akroyil oil engine, 282 *0, 

Bonier suction gas plant, 254 
k-rossloy gas eiigiiC, 48-51, <181-3^ 
niesel oil engine, *^75 
high-speed oil engine, 294* 
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Trials of — {contd.) 

. Homsby-Stockport siiction gas plant, 
266 

“ National gas ptodueer, 255 ^ 
better two-stroke oil engine, 291 
refrigerating mac'liines, 184 
Ricardo experimental engine, 887, 38^, 
389 

Kuslon-Hornsby oil engine, 286, 287 
Scott-St ill marine oil engine, 299 -302 
Triple point of water, 101 
Turbine — 

efiicieiuisy of compound, 517 
— of impulse blading, 501 
reaction blading, 51 3 
OT velocity-compounded stage, 
608 3 

height of blading, 515 
impulse, 601 

pressure compounding, 510 
reaction, 512 

reheating and condition curve, 5U> 

• !#w.m. 49lir- 620 

velocity compounding, 507 
— diagrams, 498 
work done in blading, 499 
Tiirbo-coiTipressors, air, 143 147 
Turlmlenco, effect in- - 
explosion vessel, 353 
gas engine cylinder, 354 
petrol engine, 324, 354 
Two-stroke compression cv*'!^, 264, 289- 
293 

Types of— 

carburotioi'H, 303, 304, 312-316 
internal combustion engine cycles, 266 

UNiU/KNT gas in cxhau.sl. of oil engines, 
319, 320 

UiKreicooling in steam suiiorsaturatioii, 
69, 491, 494 

Unit, Board of Trade, of electric supply, 5 

ra^-e of refrigeration, 178 

LTnits, systems of, 2-5 
Units of — ■ 
energy, 5, 35 
heat, 37, 40, 411 
* inoasiu'cmeiit, 2-5 

Universal gas constant, 366 
l^iiresisted adiabatic expansion of st.eam, 
480, 488 

- — ex]iansion of gas, 59, 61 
U-tiibo, manometer gauge, 3, 4, 151, 152, 
210,211 

Vacuum, pressure in a condenser, 3 
Valve— 

elTects in air compressors, 1 30 
expansion or regulating, in oil burner, 
240 ' 

in refrigorirtion, 167, 168, 

189 . 

inlelv*effpet of velocity through, 324, 
325, 364 

rjetting,*effoct iifletrol engines, 321^-23 
throttle. See Throttling 
Van der W^als, characterist ic equation, 66 


Vaporization of petrol, 225, 231, 233, 236, 

317 

Vapour — 

characteristic equation, 67 • 

compression refrigeration cyiile onHtjf) 
chart, 179, 180, 1^2 ^ , 

on chart, 169, 170 ' 

refrigeratwig machine, 167, 180-186 

condensation on cold surface, 64, 306 
critical tompemture of, 54, 66, 194 
ilryiiess fraction, 64, 415, 431 
dry saturated, 64, 409, 410 

, houndary ciirvej 65, 66, 416 
419 

partial pressures by Dalton, 63 — > 

pressure in air, relation to dew point, 
155, 156 

of aviation petrol, 235, 317 

properties of, 63-70 
superheated, 64, 183, 184, 406, 412, 413. 
supersaturated, 69, 428, 491 
weight ot hydrocarbon, 196, 225, 231 
Vaiiable specific heats of gases, 307-372, 
377 

Vegetable origin of [leat and coal, 203,204 
\’elocity 

after expansion of steam througli 
nozzle, 480-482 

compounding, in sktam turbine, 507 
explosion wave, 201 
flame propagation, 201, 349 
gas, through inlot valve, 324 
maximum mr flow through nozzle, 139, | 
155 

steam flow' througli nozzle, 480, 485, 
490 

through (-hoke-tiibc, 325 
triangles of steam, in turlano, 498, 499, 
513 

Vii kers- l\Htor8 oil engine, 292 
Victoria li’afls and Transvaal ])ower 
scheme, 147 
Viscosity of - 

conditions of flow', 156, 157, 307 
dry air, 156 

lubriennt reduced by heating, 61 
petrol, 307, 308 

Volatile liydrocarboii fuel properties, 233, 
317, 392, 393 
Volume — 

CO -aggregation of steam, 67, 68 
constant, combustion, 218 

— — , entropy change, 114, 116 

— explosion, 216, 217, 262, 268-272 
lines on tJ) diagram, for steam, 

417, 623^ 

contraction, during combustion of gas, 
198, 199 

increase, during combustion of hydro- 
carbons, 232, 233 a 

of i\ir required for combustion, 197-99, 
201, i'le, 233, 244, 257, 268, 320 
ratio to sarfoce, cooling effect, 263 
relation to pressure and temperature* 
of gas. 58, 71. 76, 77 

of steam, 67-69, 4u8, 
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Volumet*c efficiency - 
air compressoi9l29, 132 
Day, two-stroke marine engine, 2S9 
effect of throttling, ^6 
gas engine, 323 
petrol engine, 323-325 
vapour compressor, 184 
Volumetric specific lieats of gases, 351, 
360, 3J7-372, 377 

J'’!: ' cylinder — 

condensation on, and re-evaporation, 
458 

cooling action of, 144, 364 
heat exchange of working substance, 
465 

heat flow into, gas engine, 201, 331, 
335, 337, 341 

— — — - , oil engine, 286, 296, 

299 

. petrol engine, 359, 

" ' 362-364 

U'mporature, cyclical change, 331, 33‘2, 
338, 361, 364 

transmission of heat through, 335, 330, 
337-342 

Warming machine, example of, 166 
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^ brake, Keenan and Fronde, 35 
capacity for lieat, 35, 39, 40, 411 
conductivity relative to air, 335 
cooling jacket, air compressor, 1 26, 1 27, 
144, 145 
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entropy of, 114, 414 
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- gas, carburetted, 248 

, reactions of carbon and steam, 

247, 249, 253 

, experiments on, 247 

gauge manometer, 3, 151, 210 
head of pressure, 3, 4, 1 52, 211, 307, 
309 

spray into cylinder, effect, 51 
total change of heat energy, 114, 115 

- heat of, 42, 409, 411 

triple point, 101 
vapour pressure at 0® C., 42 
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weight of, 3, 4, 211 
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Watt, James, British horse -power, 4 


Watt, electrical unit, defined, 4 
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carburettor, 305, 311, 324 
exha>ust pipe, 321, 325 
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Weight, molecular, of gases, 195, 366, 367 
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W^etness of steam, 415, 416, 431, 432 
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Willans line for steam consumption, 453 
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conversion into heat, 34, 38 
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by a fluid during expansion, 9, W 

by steam in turbine blading, 499 

effective, on brake, 29—37 
external, in evaporation of petrol, 231 

, in formation of steam, 409, 410, 

412, 413 • 

ill compression and expansion of gfl||k 
6, 7, 10, 25, 26, 74, 76 
lost in engine friction, 48-51 
mechanical, defined, 4, 0 ^ 
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